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ABSTRACT

twihtching systems for use with pulsed inductive energy storage
systems were investigated with the goal of designing for a peak current
interrupt capability of 20,000 A at a repetition rate of 5 pps with a
voltage following interruption of 100 kV. A charge time of 190 asec or
more was desired vith switch 103ses limited to 5,000 J/pulse for a total A
pulse train length of 300 pulses. both linearly actuated and rotary
devices were considered with means for incorporating an applied magnetic
field and cryogenic cooling in the switch design. A design is given for
a prototype linearly actuated switch for evaluation of the field and
cooling effects and for a rotary switch based on high performance file-
mentary brushes designed for operation at 3,000 A/in2 . Test resultsJ
were obtained in the program with filamentary brushes operating at this
overall current delsity. Current densities in the filaments were as
high as 9,000 A/in'.
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SECTION I.

INTRODUCTION

The main purpose of this program was to investigate possible switching
arrangements for use with pulsed inductive energy storage systems. The design
goals for the switch are outlined in the following table:

Table I .

Switch Design Goals

Peak current 2 x 104 A

Repetition rate 5 pps

Voltage after interruption 100 KV

Recovery time < 40 l sec

Charge time > 190 msec

Pulse train length 300 pulses

Switch loss per pulse < 5000 J

During the program, means were considered for utilizing an applied
magnetic field and cryogenic cooling in the switching process. This is
justified since, in the pulsed system, the magnetic field is available be-
cause it is the means whereby the inductive element stores its energy and
the cryogens are available, since it is likely that the energy storage coil
system would be superconducting or cryogenically cooled copper or aluminum.
The choice among the latter would be determined by mission requirements such
as energy level and discharge time as well as repetition rate, charge time
and pulse train length.

Section II presents overall system and switching concepts and begins
with a description of inductive energy storage system operation including a
typi:al switch support subsystem. The latter is an auxiliary circuit which
helps open the switch by providing an artificial current zero in the switch
and by controlling the rate of change of current in the vicinity of current
zero.

Basic switch characteristics are discussed next and include the
advantages of using a vacuum environment for the switch contacts and the
potential advantages for cryogen and magnetic field ucage. From a weight
and volume standpoint, it is concluded that cryogens may be used to absorb
switch losses and to reduce switch losses. In addition, they may be used
to cryovacuum pump the switch to assure a hard vacuum. The magnetic field
may be used to increase the effective arc resistance (and thus help to ex-
tinguish the arc) and to induce arc motion. The latter is shown to have a
potentially large effect on contact life by reducing the maximum temperature
of the contact surface.



Several switching alternates are then presunted. These include:

1) linearly actuated switch with single contact pair

2) linearly actuated switch with multiple contact pairs
in parallel

3) two-terminal rotary switch in parallel with linearly
actuated arc interrupter

4) three-terminal rotary switch with arc chute.

Alternate 1) is an advanced vacuum interrupter using cryogenic cooling
and an applied magnetic field. A prototype test unit of this type is dis-
cussed in Section III. The switch features: a) liquid nitrogen cooling of
its stationary and moveable leads, b) cryovacuum pumping through provision
for liquid nitrogen and liquid helium cooling of its vapor condensation
shields, and c) removeable contacts to allow investigation of the magnetic
field effects on arcs drawn between specially shaped electrodes. The require-
ments for a test circuit are then presented together with an outline of the
necessary parameter variations to achieve a test to the full current, voltage
and recovery time requirements of this program, in successive increments of
higher current and voltage.

The second alternate listed above is also a linearly actuated device,
but would utilize multiple paira of contacts in parallel. Estimates indicate
that this would be lighter and require less actuation power than a single
contact pair device, however, techniques would have to be developed to reli-
ably extinguish multiple parallel arcs simultaneously without restrike.

Alternates 3) and 4) both utilize rotary devices. This is the subject
of Section IV., in which the dependence of rotary switch size on current
density in a brush system is discussed. The ability of the brush system to
withstand arcing is also indicated as a problem area requiring investigation.
A rotary switch design is presented assuming that the arcing problem may be
nullified and assuming brush current densities of about 3000 A/in. 2 . The
latter is very high relative to operational current densities for standard
brurhes, but was achieved in tests performed under this program with filamen-
tary brushes.

The filamentary brush concept consists of using many fine metallic
filaments in contact with a moving surface for the purpose of transferring
current. Tests were performed using Niobium-Titanium alloy filaments heat
sunk in a copper matrix. Overall brush currenZ densities of 3000 A/in. 2

were achieved with voltage drops of about I mV/A. Current densities in
brush filaments attained 9300 A/in. 2 . This is a significant development
and further testing would be highly desirablo% to develop a better under-
standing of brush characteristics and to arcempt to optimize material.

2



In Section V, a conceptual design for an integrated system is

presented. In this system the main switch is mounted in the bore of an
energy storage solenoid so as to use the magnetic field produced by the
inductor. The switch is cryogenically cooled and shares a common vacuum
with the devar for the energy storage coil. The switch used is the mul-
tiple contact pair type assuming that the development problems associated
with this switch may be nullified. However, the integrated switch-coil-
dewar system is valid for any switch using an applied field and cryogenic
cooling.

3



SECTION II.

OVERALL SYSTEM & SWITCHING CONCEPTS

The purpose of this section is to present some of the basic effects and
characteristics to be incorporated in the switch designs given in Sections
III., IV. and V. This section will begin with a description of energy storage
system operation, including a switch support subsystem which aids in opening
the main switching element. A discussion is then presented which concludes
that the switch should be based on metallic contacts in a vacuum environment
because of the high voltage requirement and low loss constraint in this program.

The possible utilization of cryogens in switch operation is discussed
next and it is concluded that potential areas of application include: (1)
absorption of switch losses, (2) reduction of switch losses and (3) cryovacuum
pumping. Since it is likely that cryogens will be available in support of the
energy storage element, it is natural to incorporate them into the switch design.

The utilization of an applied magnetic field in the switching process is
discussed next because the field is generated by the energy storage element and
may be made available to the switch in an integrated system design. It is con-
cluded that it is feasible for the field to move an arc with significant speed
and thus (1) reduce the maximum temperature experienced by the contacts and (2)
create a "back emf" which appears as an increased arc resistance. In addition,
the presence of a transverse field increases arc resistance even if motion is
absent by impeding charged particle motion across field lines.

The section proceeds to a discussion of switch dissipation, constraints
on actuation time and the use of multiple switches. It is concluded that the
multiple switches in parallel carrying a total of 20,000 A offer the following
advantages relative to a single switch:

•i single switch
allowable operating time: sinle 2witch • 0.2

multiple switches

single switchaverage power required for actuation: multiple switches 100
Smultple sitsip

weight of actuating linkage: single switch
multiple switches " 10

weight of switch components: single switch , 1
multiple switches

The multiple switch arrangement offers a higher probability of achieving a
low-weight, low-loss main switch, however, the problems associated with simul-
taneously extinguishing parallel arcing contacts must be solved.

The section closes with a discussicn of alternates which may meet the
inductive energy storage system switching function and a summary of advantages

and disadvantages.

4



1. INDUCTIVE ENERGY STORAGE SYSTEM OPERATION

For the pulse repetition rates and energy levels of Interest in this
study, it is reasonable to assume that the system would utilize an energy
storage element which is completely charged and discharged for each pulse.
A simplified circuit diagram for such a system is shown in Figure 1.
To initiate operation, the switch S is closed and, assuming a high imped-
ance load, the energy storage inductor, L, is charged. When a pre-determined
current through L is attained, the switch S is opened and the energy stored
in L is discharged into the load. The purpose of che capacitor, C, is to
limit the rate of voltage rise across the load when the witch opens and
the purpose of the switch support subsystem is to help open the switch.

If the switch is mechanical in nature and involves mechanical
separation of contacts in some form, an arc would be drawn as the contacts
separated and the switch support subsystem would have to provide conditions
which would help extinguish the arc before a substantial amount of energy
were dissipated. For the arc to extinguish it is necessary for the rate
of energy removal from the arc to exceed the rate at which the rest of the
system can supply energy to the art for a sufficient length of time. Since
the rate of energy dissipated in the arc at any instant is the voltage
drop across it times the current which it carries, a reasonable (though
uot necessarily sufficient) goal for the switch support subsystem is to
provide an artificial net current zero in the switch. In addition, it is
desirable for the rate of change of current at the time of the current
zero to be as low as possible to maintain a "low power" condition as long
as possible and for the rate of voltage rise after arc interruption to be
as low as possible to allow maximum recovery of breakdown strength.

Figure 2 is a simplified circuit diagram of a system that can be
used to produce a current zero in the main switching element Sl. Coil L1
is the energy storage coil and P1 is the main power supply for the system.
Coil L2 is a non-linear inductor that makes use of a saturable core. Its
characteristics are such that it exhibits a high inductance when its core
is in the unsaturated condition and a vbry low inductance when saturated.
Capacitor C2 is used to limit the rate of voltage rise across L1 following
the interruption of current through S1 .

The sequence of events that would occur in a normal charge-discharge
cycle is as follows. With switch S2 open, S1 is closed causing current
il to flow in the circuit composed of P1 , LI, L2 and Sl. Very shortly
after the closure of S1, L2 switches from its unsaturated to its saturated
condition. The charge circuit is then effectively composed of PF, L1 and
SI. Once the desired level for the iI has been reached, the following
sequences of events can take place to force a zero current condition in
S1 and allow it to revert to its open circuit condition.

First, assuming that capacitor C1 had previously been charged to an
appropriate level, and with switch S1 still closed, switch S2 could be
closed. Capacitor C1 and inductor L, would then form a resonant circuit
in series with switches Sl and S2 . Assuming C1 had initially been charged

5
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in a fashion to force a current in the direction of the arrow showit for
i 2 , the current in this series resonant circuit would initially be very
high and change at a very rapid rate since the surge impedence of the
resonant circuit and its frequency would be determined by the saturated
inductance of L2 . As a consequence, C would very rapidly charge with a
voltage of a polarity opposite to its Initial chtwrge. Followiug this,
it would again discharge through S1, only this time i 2 would be flowing
in a direction opposite to that of 1 .. This would ýve the effect of
reducing the net current through Sl. Just prior to the moment that this
current reaches zero, inductor L2 would come out ef Its saturated condi-
tion and assume its unsaturated high inductance value. This switch in
inductance would drastically slow down the rate of change of current
through S1 just as it was about to reach zero. Assuming that S could be
opened at the instant this current reached zero, i 1 would then be divided
into tranches flowing into Cl, C2 and the load. The rate of voltage rise
across b1 would then be determined by the frequency of the damped parallel
resonant circuit composed of LI, C1 , C2 and the load. Assuming S2
remained closed throughout the cycle, all of the energy in this circuit
would eventually be delivered to the load.

ks described above, an additional power supply would be necessary
to charge Cl for each operation of S1 . An alternate mode of operation
would be to have switch S2 open either part way up or at the peak of the
discharge voltage wave. The advantage of this mode of operation would be
the elimination of a separate power supply to charge C1 except for the
initial cycle of a pulse train.

If S2 were opened part way up the voltage wave then C1 could be a
high capacitance, low voltage capacitor. This would have the effect of
slowing down the rise time of the voltage wave immediately following the
current zero through Sl while minimizing the physical size of C1 . The
disadvantage of this mode of operation is tIat S2 must now open while it
has a high current flowing through it. The losses entailed in this
switching operation must then be added to those attributed to the losses
through S1 during the charge period and opening operation.

If S2 were opened at the peak of the voltage wave, then (1) there
will be no switching loss since S2 will be carrying no current at this
time; and (2) the capacitance of C2 could be minimized, conceivably to
zero, since the rise time of the voltage wave would be determined essentially
by C1 .

Clearly this latter mode of operation will yield the lighter overall
system weight provided switch Sl cau regain its dielectric strength fast
enough.

The above discussion illustrated operation of the energy storage
system and of a switch support subsystem which could produce an artificial
current zero and exercise control over the rate of change of current at
the time of current zero. The section which follows will discuss basic
features to be incorporated into the design of the switch.

8



2. BASIC SWITCH CHARACTERISTICS

a. * cuUw vs. Gas

Figure 3 depicts a portion of a puls6 train for a repetitively
pulsed system. Assuming tc, the time of charge, to be 190 milliseconds,
t to be 200 milliseconds, and Io to be 20,000 amperes, the rms current
during a pelse train is a uinimuu of 11,250 smperes. If all of the switch-
ing losses occur only during the charging period, the maximum allowable
closed resixtance for the switch S1 would be 208 microhms for a peak voltage
drop of just in excess of four volts. Clearly this requirement eliminates
all but metallic type contacts,

The selection of metallic type contacts requires that mechanical
motion take place in openin& and closing the switch. If the losses entailed
In the switch during opening are to be kept to a minimum, it is mandatory
thAt the switch very rapidly regain its open circuit Cielectric strength.
To acccaplish this, the contacts should part as rapidly as possible in a
medium that has a very high dielectric strength. Further, it is important
that any arcing that takes place in the switch do so at a minimum in voltage
drop and time duration.

Figure 4 is a plot of the breakdown voltage versus contact spacing
for a set of contacts In air and in va'ýuum. Figures 5 and 6 are plots
of arcing voltage versus current for copper cortacts irt vacuum. Figure 7
is a plot comparing the tires required for contacts switched in vacuum and
various gas media to regain their dielectric strength following a current
break. As is evident from these curves, switching in a vacuum: requires
a rclatively small space to withstand voltages in excess of 100,000 volts;
can be accomplished at relatively low arcing potentials out to approximately
8,000 amperes; results In a time delay from current zero to full open circuit
dielectric strength which is short, relative to delays necessary in gaseous
media. These camparisons indicate that a vacuum environment is desirable
around the switch contacts.

b. Cryogen Utilization

This section will consider effects which are intimately connected
with the use of cryogens in the switching system. This consideration is
natural since the inductive energy storage element will most likely be
cryogenically cooled, hence, cryogens will already be available in the system.
Specifically, interest will center on effects which may be useful in spec.ally
designed vacuum interrupters, either linear or rotary.

Figure S is an illustration of a standard vacuum switch. It consists
of a stationary and a mo'.able contact encased in an evacuated container.
As the contacts part, an arc is drawn across the gap. A current zero then
occurs, either naturally in an AC application or artificially in a DC case,
and the arc plasma deionizes and condenses on the vapor shield. The rate of
change of current near curzent zero and the rate of voltage rise after the
arc bzeaks .nust be slow enough to allow the deionization and condensation
process to occur and prevent the arc from re-striking.

9
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When an arc strikes between the contacts, the energy It dissipates
is partially absorbed in heating the contacts and partially transferred
from the arc to its surroundings by radiation. A possible applicition of

cryogenics would be to lower the temperature of elements such as the vapor
condensing shield and thus attempt to cool the arc more effectively by
radiation heat trausfer. The latter is proportional to the difference in
the fourth powers of the temperatures of the arc and shield. or

- 4)

Qz(T4 _T
a s

where: T a are temperaturea

Ts M shield temperature

Since the arc temperature is of the order of 104 OK, this relationship
inJicates that changing T from room temperature (300 K) to any lower temp-
erature has negligible effect; consequently, increasing radiative heat
transfer from the arc is U=t an area likely to be improved in this manner.
Cryogenic cooling may have other advantages, however.

A switch operating with a loss per pulse of 5,OOOJ at the rate of 5pps
represents a power loss of 25 KW which must be removed from the switch V
components. The second area to be considered then, is the use oi cryogens
to support these losses. This would be accomplished by providing thermally
conditcting paths from the switch contacts and shields to the cryogen taking
proper consideration of electrical insulation requirements. Figure 9 shows
the liquid litcrs of cryogen necessary to support switch losses if the switch
is heat sunk directly to the liquid cryogen. A similar plot for cryogen
weight is shown in Figure 10. Curves are showrn for liquid hydrogen, liquid
nitrogen and liquid helium. If the energy storage coil were superconducting,

k the helium would be available and the nitrogeQ way or may not be available
depending on whether the dewar utilized a helium vapor cooled shield or a
nitrogen jacket. If the energy storage coil used a cryogenically cooled
normal conductor, the cryogen would probably be either liquid nitrogen or
liquid hydrogen. For a switch lose per pulse of 5,000j, the graphs indicate
cryogen requirements which are summarized in the following table.

Table II.

Liquiýd Cryogen Requirements to Support
Switch Losses of 5,000j/pulse for 300 pulses

(Assuming Latent Heat of Vaporization Only)

Cryogen LN L22 LHe

Volume (liters) 9.3 48 552

Weight (Kg) 7.5 3.4 69

16
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This table indicates that liq•id nitrogen is a suitable candidate as a
direct heat sink since both che weight and volume required are low. Liquid
hydrogen exhibits a lower veight, but a higher volume when compared with
the nitrogen. Liquid helium is basically unsuitable because both weight
and volume are high. Thus far, only the latent heat of vaporization of
the cryogen has been considered. In an integrated system, it is most likely
that certain switch components would be cooled by cryogen boiloff from the
losses generated in the energy storage coil during operation. For example,
the lead to each contact could be surrounded by a heat exchanger through
which the cryogen boiloff is passed. To gain an insight into the adequacy
of this concept, the following table was prepared.

Table III.

Energy Absorbed by Vaporized Cpyogen in0
Raising Its Temperature from 100 K to 300 K

Cryogen N2  H2 He

Energy Absorbed in Raising
Temperature of Vapor 1.69 x 105 2.05 x 105 1.29 x 105
from 1 liquid liter
from 1000K to 3000K (j/1)

Liters to support losses of
5,000j/pulse for 300 pulses (1)

Energy Absorbed 209 2,660 1,060

per Unit Mass (J/g)

Mass per liquid liter (g/k) 808 77 125

Boiling Point at 1 atm (oK) 78 20 4.2

The table indicates that sufficient heat capacity is available in the boiloff
from each of the three cryogens under consideration. For purposes of illus-
tration, heat exchanger inlet and outlet temperatures of 100 K and 3000K were
chosen. Considerably less cryogen would be necessary if the inlet temperature
were closer to the boiling point of the cryogen or if the outlet temperatureo

were higher than room temperature (300 K). The quantity of cryogen necessary
for heat exchanger inlet temperatures other than 100 K may be estimated with
the use of Figure 11. In any case, the estimates verify the feasibility of
utilizing the boiloff cryogen in a heat exchanger around individual switch
components to remove switch losses during operation.

A configuration which will be considered in more detail in a later
section combines the above concepts by utilizing a heat exchanger around
each switch lead to cool the contacts and by using a vapor condensing shield
which is heat sunk directly to liquid cryogen. In an integrated system,
the latter would be the liquid nitrogen used in the nitrogen jacket of the
dewar for the energy storage coil and the former would utilize helium vapor
which was boiled off by a superconducting energy storage coil when pulsing.

19
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The third effect to be considered is the possib1lity of decreasil4
switch losses when closed by cooling the switch and thvs decreasing its
resistance. Typically, the resistivity of metals is a strong function of
temperature while the resistivity of the alloys is not. Thus, it may be
expected that substantial decreases in lead resistance may be had by cooling
sinca they will most likely be copper (or aluminum for weight purposes).

This is illustra:ed in Figure 12 which Is a plot of the resistivity
of copper and of aluminum as a function of temperature. The temperatures
of liquid nitroger hydrogen and helium at one atmosphere pressure are also
shown. Note that little decroase in resistivity occurs below the tempera-
ture of liquid hydrogen. For a conductor of given size carrying a given
current, the DC power dissipation is directly proportioned to its resistivity.
Consequently, the ratio of the resistivity of the material at temperature T
to its resistivity at room temperature is also the ratio corresponding to
power dissipation relative to the two temperatures. The following table was
prepared for copper and aluminum and illustrates the temperature dependence
of the DC power dissipation for a conductor of fixed size and fixed current
relative to dissipation at room temperature.

Table IV.

Ratio of DC Power Dissipation At Tewperature, T,
to DC Power Dissipation at Room Temperature

for Copper & Aluminum

Temperature, T Aluminum Copper
( K)

300 1.0 1.0

250 0.9 0.9

200 0.68 0.7

150 0.42 0.45

100 0.23 0.24

78 0.14 0.15

20 0.03 0.01

The above table clearly indicates the advantages of reduced temperature
for the purpose of reducing losses generated in aluminum or copper, current
carrying, switch components. From another standpoint, the power dissipation
may be held constant and component size decreased with temperature. A temper-
ature reduction to the vicinity of that of liquid nitrogen (78 - 100 K) is
attainable relatively easily and will be utilized in the switch designs to
be discussed later.
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At this point, it should be noted that contact resistance is
essentially independent of temperatuza and primarily dependent on contact
pressure as shown in Figure 13. As shovn, the eW.tch resistance approaches
a lower limit as contact pressure increas.a. The conclusion to be drawn from
this figure and the above table is that significant decreases in switch
resistance are possible if cryogenic cooling is provided and contact pressure
is sufficiently high,

The fourth cryogenic effect uhich could be used in a specially designed
vacuum interrupter to enhance performance is that of cryovacuum pumping.
Standard vacuum interrupters are subjected to complex procedures of baking,
outgassing and vacuum pumping prior to sealing. After sealing, the vacuum
degrades very slowly by external diffusion of the light elements, princi-
pally helium and hydrogen, into the vacuum space and by internal diffusion
in which trace impurities embedded in component materials find their way to
the surface and into the vacuum These processes occur over the long term
as indicated by the upper curvewin Figure 14. The lower curve also
indicates the self-pumping action of the vacuum switch. The vacuum contact,
particularly if made of high purity tungsten, when interrupting acts similar
to a tungsten vapor ion pump and getters all possible contaminants (even
helium). Such action requires many interruptions, however, and a high per-
formance unit as required by this program may not survive the first attempt
at interruption if trace impurities diffuse into it while it lies dormant.

A possible solution exists in the use of cryovacuum pumping in
combination with the proper getter material. This technique involves the
capture and retention of mass on low temperature surfaces by both cryo-
condensation and cryosorption. Molecules are pumped by physical absorption
on synthetic zeolite materials, commonly called mplecular sieves, which are
physically bonded to liquid helium cooled panels.W Figure 15 shows the
helium sticking coefficient for a molecular sieve as a function of tempera-
ture and indicates the essentially perfect capture efficiency of the getter
material at the temperature of liquid helium.( 3 )System pressures in the 10-12

Torr range have been recorded(4)by utilization of these techniques.

The use of cryovacuum pumping in an integrated energy storage coil
and vacuum switch system would be accomplished by having the switch vacuum
space automatically cryo-pumped by the helium container for the energy
storage coil when the system is cooled down. All traces of impurities are
thus removed from the switch prior to firing regardless of the length of
time the switch was inoperable.

This concept will be incorporated into the conceptual, integrated
system design to be presented in a later section.

This section has discussed several areas in switch design in which the
utilization of cryogens may prove effective. These include: absorption of
switch losses, reduction of switch losses and cryovacuum pumping. Since
cryogens will be available in support of the energy storage element, it is
natural to incorporate them into the switch design wherever applicable.
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c. Magnet:'c Field Utilization

The inductive energy storage element in the systew crettes a mdgnetlc
field which can be available, iv an integrated system design, to aid in the
switching process. This section will discuss those areas ir which the
utilzation oZ the magnetic field may be advantageous.

(1) Magnetically !nduced Arc Motion

When the contacts part in a standard vacuum interrupter and an arc forins,
it z:8n take one of two very different forms. One form consists of a large num-
bet of separ..rte and coexlstent streamers uhich terminate over a large area of
the electrodes available to them. Generally speaking, this type of vacuum arc
occurs with currents less than 6-10 kiloamps and results in negligible contact
damage provided it is extinguished in a few milliseconds. For larger currents
the arc resembles a high pressure arc in that the total current flow is concen-
trated over a much smaller area of the electrodes. Such an arc ca.n result in
severe damage to both anode and cathodE because the heat generation rates are
not only higher, but the coatact area over which the arc is spread is usually
smaller.

In both cases the arc tends to move over the contact surfaces due to
local effects such as field and thermal concentrations on surface imperfec-
tions or machined ridges, or due to local variations in readily ionizable
material. The speed of the arc rel$Jive to the contacts under such circum-
stances may be as high as 10 m/sec.;'. Such motion helrs prevent excessive
local heating of the contacts.

The arc motion is often .nhanced (see Anpendix I) by applying a magnetic
field in the vicinity of the arc. One method for doing this is shown in Fig-
ure 16. In this situatior the return circuit for the current through the switch
is placed parallel to, and as close as possible to, the switch. The arc current
interacts with the field to yield a force in the T x B direction. The force is
In the plane of the circuit, directed outward and of magnitude:

1 ogI2

F = r2ird

This force would tend to move the arc across the face of the electrodes; then
when the outward side of the gap is reached, the arc would increase in length.
The result may be advantageous in four ways:

1) the forced motion does not allow the arc to continuously heat

the same portion of the electrode surfaces;

2) the forced lengthening of the arc increases its resistance;

3) the interaction of the moving arc with the magnetic field
results in a "back emf" wh-ich appears as an increased arc
resistance; and

4) the presence of the field transverse to the arc increases its
reaistance (see Appendix I, Figure 76).
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The latter effect arises from the force exerted on the moving charged
particles which tends to inhibit their motion across field lines. All four
effects help to extinguish the arc. For a given current, the speed with
which the arc passes over the face of the electrode may be estimated if it
is assumed that the effect is governed by the inertia of the arc plasma.
With this assumption, the time required to traverse the width of the electrode
may be estimated by:

t-f

where:

a - arc diameter

I - circuit current

w - electrode diameter

d - distance between return circuit and switch

p - density of plasma

Vo 0  4 x 10- 7 H/M.

This time could be shortenri by applying an additional magnetic field
across the gap in the direction of the field from the return current. This
is often done with standard interrupters by using an auxiliary set of field
coils. The time for arc traverse across the electrodes would then be
reduced to:

wpor2a2

p I + 2ndIb
0 0

where:

B magnetic flur, density produced by ruxiliacy coils.
0

In such a configuration, however, auxiliary coils provided for the switch
represent a weight component chargeable to the switch. This is unnecessary
in an energy storage system since the design of a special interrupter could
utilize the energy storage co.ls as the field coils for the switch with no
additional system weight and with enhanced switch characteristics.
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Estimates nf the arc speed as a function of arc current and applied
field are given in Figure 17. These estimates are based on data for arcs
liu air (See Appendix I) and probably represent a lowcr limit when applied
to arcs in vacuum. The plot indicates that an ippiied field of 2 W/m2 would
produce arc velocities in excess of 850 m/sec and 1500 m/sec for arc currents
of 5,000a and 20,O00a respectively. If these arcs were 1 cm long, their
respective back emfs would be in excess of 15 v and 30 v.

Note that 2 W/m2 is a reasonable lower limit for the fields which may
be expected in the bore of an energy storage coil. The field from the energy
storage coil Is not constant, however, it is at or near its maximum when the
arc is drawn and does not decay to xero until after the arc is extinguished.
This is another point in favor of the integrated switch, energy storage coil,
and dewar system.

(2) Effects of Arc Motion on Contact Life

The motion of the arc across the face of the contact has a strong
influence on the life of the contact. The faster the motion, the smaller
the local heating of the contact. This section will illustrate the effects
of the speed of the heat source on contact temperature and, therefore, justify
the use of an external field to induce arc motion.

The case of an arc or heat source of width 2b moving with velocity u
relative to a stationary surface is shown in the upper sketch of Figure 18.
From a mathematical standpoint, the probiem• is more easily solved by trans-
ferring the reference frame to the moving arc as shown in the lower sketch.
In dimensionless form, the solution for the temperature rise on the slab
surface as a function of speed and distance along the contact may be shown to
be: (6)

27 [1(y) + KlCY

- ZeZ [Ko(Z) + K,(Z)]
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Figure 18. The problem of solving the temperature rise of
a surface being heated over an area of length 2b by a source
moving with speed u is most easily solved in a coordinate
system fixed relative to the heat source.
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where:

Y - u(X+l)

Z - u(X-l)

X - - dimensionless distanceb
U ub . dimensionless velocity

2K

K - Thermal diffusivity of surface material

b W half width of arc

x - co-ordinate along surface measured from arc center

0 kT - dimensionless temperature rise
Qb

k - thermal conductivity of surface uAterial

Q - heat input to surface from arc per unit area per

unit time

T - temperature rise along surface

Kl - modified Bessel function of the second kind of
order 0, 1.

The above relationship is plotted in Figure 19 which shows the
dimensionless temperature rise versus distance along the plate for various
values of dimensionless velocity. To interpret this graph, the arc may be
imagined to be located on the hnrizontal axis between the co-ordinates -1
and +1. It is transferring heat into the slab which is moving to the right
with dimensionless velocity U. Far to the left there is no temperature rise
for any of the velocities shown; since, for the cases plotted, the sl8W is
moving to the right fast enough for vexy little heat to diffuse towards the
left. There is no heat input to the slab for (x/b) < -1, since the arc
boundaries are at x - ± b. The faster the slab moves, the lower the overall
temperature rise, with the maxLnum temperature always occurring at X - +1.
In a reference frame in which the surface is stationary, X - +1 represents
the trailing edge of the arc at point of contact with the surface.

For contacts with a moving arc, the maximum arcing temperature occurs
at the trailing edge of the arc. The dimensionless maximum temperature is
shown plotted in Figure 20 as a function of the dimensionless speed. This
clearly indicates the decreases in contact temperature possible by increasing
arc speed for any given contact material (fixed k:, K), fixed arc size (b)
and fixed heating rate (Q).
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Based on this plot, calculations indicate that an arc moving with speed
500 m/sec over a copper contact will result in a maximum temperature rise
which is a factor of nine lower than the temperature rise due to a motion
at 10 m/sec.

As pointed out in an earlier section, 500 m/sec is the expected lower
limit for arc speed in the applied field from an energy storage coil. The
use of this field in the switch configuration may, therefore, be expected
to substantially increase contact life.

d. Switch Dissipation, Constraints on Actuation
and the Use of Multiple Switches

The current in the energy storage coil as a function of time during a
single pulse is illustrated in Figure 21. At the required rate of five
pulses per second, the total time per pulse, tp, is 0.2 seconds which is
divided among: (1) the interval required for charging, tc; (2) the interval
required to electrically disconnect the energy storage coil from its power
supply, ta; (3) the time required to discharge the coil, td; and (4) the
time from the end of discharge to the beginning of the next charge, ti.
During tc the switch is closed and dissipates energy at a rate determined
by the resistance of its leads and its contact resistance. During ta the
switch contacts open, an arc is drawn and energy is dissipated in the arc
and switch leads though the latter is insignificant. During td and ti the
switch is essentially non-dissipative.

If an upper limit is fixed for allowable switch losses, the maximum
allowable arcing time consistent with this constraint may be shown to be:

[E - (1 2 R tc )/3]

ta V Iao

where:

E - allowable switch losse

I - peak current0

R - switch resistance when closed

t = charge timec

V - voltage drop across arca

t - maximum allowable arcing time consistent with Ea e
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The above is plotted in Figure 22 as a function of switch resistance
for an allowable switch loss of 5,000j, a charge time of 0.IQ sec and
several arcing voltages. Arc voltages in the 100-200 volt range correspond
to currents of the order of 20,O00a (see Figures 5 & 6) while arc voltages
in the 20-40 volt range correspond to currento of the order of 6,000a or
less (see Figure 5). The band between the 100 and 200 volt curves in
Figure 22 correspond, therefore, to a switch system in which the entire
20,000a is carried in a single vacuum switch while the band between the 20
and 40 volt curves corresponds to a switch system in which the 20,O00a is
divided among vacuum switches in parallel. If 0.1 milliohms is assumed as
a reasonable design goal for a total switch resirtance when closed, Figure
22 indicates that a single switch carrying 20,000a must open and its arc
must be extinguished in less than 1.5 millisec in order to keep the switch
loss per cycle below 5,000j. Since the contact gap must be of the order of
1 cm or greater to withstand the 100 KV imposed after arc break, the 1.5
millsec requirement for contact travel places a severe requirement on the
switch actuation mechanism. On the other hand, the figure indicates that
switches in parallel may be allowed 3.5 to 6.3 milliseconds for contact
travel which places a more realistic demand on the actuation mechanism.

The contact travel requirement for both the single switch and the
parallel switches is essentially the same since they must both withstand
100 KV after arc break. Furthermore, the contact mass for the single switch
may be assumed to be the same as the total contact mass of the parallel
witches if the current density in each system is the same. The average

power required to open the contacts may be estimated by:

P 2m d2
P = 2m--
ave t3

where:

m - contact mass

d - contact travel

t - travel time

If travel times of 1 and 5 milliseconds are assumed for the single
and multiple switches, respectively (see Figure 22) and if equal mass
and equal contact travel are assumed as indicated above, then the average
power required for the single switch is 125 times that required for the
multiple switches.

The requirement for faster operation also requires the actuation
linkage for the single switch to be heavier since the forces transmitted
are larger. To a first approximation the weight of the linkage may be
shown to be inversely proportional to the square of the actuation time,hence, for the operating times chosen above, the linkage for the single
switch would be 25 times heavier than that for the multiple switches.

38



" I .... I, ,l-ij 1111 I.. T-- -

12 MAXIMUM SWITCH LOSS 2 5,OOJ
CHARGE TIME a 0.190 s

PEAK CURRENT = 20,OOOA

10

I0

-0

MULTIPLE
SWITCHES

z
o 

6

4-

'< "SINGLE SWITCH

20V

0

0 .I .2

SWITCH RESISTANCE, R., milliohins

Figure 22. Maximum allowable arcing time consistent with a
fixed total switch loss as a function of closed switch

resistance and arc voltage drop.

39
FA 1!00



This approximation neglects effects such ae the difference in length of the
linkage for the two sysLems. Such effects may alter the result by as much as
a factor of two, but the basic conclusion is unchanged: the linkage for the
single switch may be expected to be as mLch as an order of magnitude heavier
than that required for all the multiple switches because of the difference in
required operating time.

The above discussion indicates that multiple switches in parallel place
less stringent demands on the mechanical actuation mechanism. The total weighr
of the multiple switches may be expected to be slightJy more (contact weight
essentially the same, but more connectors and greater total surface area for
vacuum shells, vapor condensing shields, etc,). This is compensated for by a
lighter actuating linkage and reduced Power requirement. A Rummary of these
results is given below:

single switch
allowable operating time: single switch 0.2

multiple switches

average power required for actuation: single switch 100
multiple switches 'lO

weight of actuating linkage:* single switch • Inmultiple switcbjs

weight of switch components: single sa;itch
multiple switches " 1

In addition to the above, it must be noted that a single switch will
require a 20,000a arc to be extinguished as opposed to the lower arc currents
in the multiple switch arrangement. In the latter, however, problems of
extinguishing parallel arcing switches must be solved.

The conclusion to be drawn ia that a multiple switch arrangement offers
a better chance of achieving a low-weight, low-loss system provided the prob-
lems associated with slmultaneously extinguishing parallel arcing systems may
be solved.

e. Switching Alternates

The following will outline several alternates for performing the switch-
ring function in an inductive energy storage system. For arcing elements the

presence of a switch support subsystem (arc quench circuit) is implicitly
assumed. The choice among the alternates which are listed below must be deter-
mined by data generated in an experimental development program, however, several
advantages and disadvantages may be listed beforehand:

I) linearly actuated switch with singl( act pair

2) linearly actuated switch with multip. _ontact pairs
in parallel

3) two-terminal rotary switch in parallel with linearly
actuated arc interrupter

4) three-terminal rotary switch with arc chute.
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Itca 1 represe1vt an advanced vacuum '.nt.rrupter which wvuld carry the
full charge current from zero to Its peak valve then open, arc, break, recloae,
etc. A prototype design for a test unit of this type will be discussed in Sec-
tion IlI, and will uLilize cryogenic cooling and an applied magretic field. It
is unlikely that this configuration can fulfill the 5000 J constraint on switch
1.oss per cycle because of the high voltage drop associated with the 20,000 A
single arc as indicated in the previous section. Furthermore, operation at
rates substantLially in excess of the 5 pulses per second required by this pro-
gram is unlikely. The advantage to this alternate lies in the fact that it
appears to be a feasible step fcrward in standard vacuum interrupter design if
applied field and cryogenic effects are utilized.

Alternate number 2) also involves a linearly actuated device, but would
utilize multiple pairs of contacts in parallel. Estimates indicate that this
would be lighter and require less actuation power than alternate 1), however,
the major disadvantage lies in the necessity to develop techniques to reliably
extinguish multiple parallel arcs simultaneously without restrike.

The third alternate would utilize two switchea in parallel. The first
would be a rotary device designed to be a compact, low-loss unit inteided pri-
marily for the charging portion of tine cycle. Near the end of the charge, a
relatively high resistance parallel switch would close and allow the rotary
switch to open. When the rotary device was opened suffic!ently far to with-
stand the system discharge voltage, the parallel linearly actuated switch would
open, arc and extinguish the arc. The rotary switch could be compact provided
a high current density brush system were available. (Note: Test results •n a
filamentary brush system operated at current densities of about 3000 A/In.?
will be given in Section IV.) The linearly actuated switch could be more com-
pact than those in alternates 1) or 2) because it carries current for a much
smaller fraction of the cycle. An increase in repetition rate beyond 5 pps by
factors of two or three may be possible because the linear switch would be less
massive than in alternates 1) or 2).

Alternate number 4) is a three-terminal rotary switch which operates in
a fashion electrically similar to that described for alternate 3). Both the
highly conducting charge "switch" and arc interrupter are rotary in nature and
a device of this type will be discussed in Section IV. Its major advantage
lies in its potential for increasing repetitiun rate by orders of magnitude
because the rotary action negates the acceleration problems inherent in a lin-
early actuated device. The major problem areas involve: 1) development of a
high current density brush system, 2) generation of data on arc and magnetic
field interractions and 3) generation of data on effects of arcing on brush
life.
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SECTION lII.

LINEARLY ACTUATED SWITCH

The previous section discussed the advantages of incorporating:
(1) a vak:uum environment, (2) cryogenic cooling and (3) a transverse magnetic
field relative to an arc between contacts, in a switch designed to fulfill
the stringent requirements of this program. This section will describe a
linearly actuated switch designed to carry 20,000 A peak curreýjt and withstand
100,000 volts when open. A discussior is then given of a prototype which
has been constructed with the design flexibility necessary to investigate
cryogenic and magnetic field effects on switch operation. Consideration is
then given to the test circuit necessary to operate the switch to the design
limits of 20,000 A &nd 100 KV.

1. SWITCH DESIGN WITH APPLIED FIELD & CRYOGENIC COOLING

In Section II. of this report, the basic characteristics of a standard
vacuum interrupter were described (Pigure 8 ). The following will discuas
an advanced vacuLum interrupter which was designed to make use of cryogenic
cooling and an applied magnetic field. A drawing of this linearly actuated
switch is sho'wn in Figure 23. The follow~ng is a descriptive list of some
of the components of the switch with numbers corresponding to those shown in
the drawing.

1. Stationary high voltage terminal (OFHC copper)

2. Removeable contacts on stationary and moveable terminals

3. Coolant shroud for stationary teruinal

4. Moveable low voltage (grounded' terminal

5. Bearing

6. Bellows Position when contacts open

7. Bellows Position when contacts closed

8. Coolant chamber surrounding moveable contact

9. Non-conducting outer housing of interrupter

10. IN 2 fill and vent tubes for cooled vapor depositicn- and
radiation shield.

11. LN2 cooled vapor deposition and radiation shield

12. LHe cooled shield with molecular sieve coating to perform
cryo-pumping of vacuum space.
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13. LHe fill and vent ports for cooled shield

14. Vacuum pump-out port

15. Thermocouple multipin feedthrough

16. Port for vacuum gauge.

The switch features heat exchangers on the stationary and moveable
leads. These are suitable for use with liquid nitrogen and allow the cross-
secticnal area of the contact arms to be relatively small. Tn addition,
cryogenic cooling is used on the vapor condensation shields. These consist
of three nested cylinders, with the inner and outer cylinders cooled by
liquid nitrugen and the middle cylinder cooled by liquid helium. The pur-
pose of the li.quid nitrogen cooled shields is to intercept radiation and
shield the liquid helium temperature cylinder.

In carrying out the design, the overall diameter was made as small as
possible, consistent with tolerances required for assembly and the design
"withstand" voltage. This will allow the switch to be mounted in the bore
of a specially constructed field coil which could produce a controlled mag-
netic field in the contact region. The contacts shown are OFHC copper butt
electrodes and would be used in initial testing to establish a base line for
switch performance without the applied field, cooled shields, or cooled
contacts.

The contacts in the switch are removeable so that different contact
materials or different contact shapes could be tested. A contact configura-
tion which would utilize the magnetic field to move the arc is illustrated
in Figure 24. When the contacts part, the arc is drawn in the conical
annulus between the contacts. The arc current interacts with the magnetic
field and the resultant Lorentz force drives the arc around the periphery
of the contacts. This arc motioi enhances switch performance by preventing
excessive electrode heating locally, increasing the arc resistance by
impeding charge motion across the field lines and creating a "back emf"
which appears as an increased arc voltage drop.

Photographs of the partially assembled linearly actuated switch are
shown in Figures 25 and 26. Figure 25 shows the movable contact mounted
on the actuating rod which projects through the bottom of the fixed flange.
The vacuum seal between the moveable rod and the fixed portion of the switch
is provided by a welded bellows which is compressed in the photograph and
appears as a collar around the shaft on top of the cylinder welded to the
fixed flange. The three relatively tall rods on top of the flange are
phenolic stand-offs which will support the vapor condensation shields within
the switch. The two short cylinders which can be seen on top of the flange
are fittings which position two of the tubes which will carry cryogers to
the shields.
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Figure 25. Partially assembled, vertically mounted, linearly
actuated switch. The photograph shows the movable electrode and
contact mounted relative to the fixed base plate.

Figure 26. Top view of the switch showing the relative position
of the vapor cohdensation shields and the movable contacts. The
vapor condensation shields are provided with tubes through which

cryogens may be pumped to reduce their temperature.
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Figure 26 is a view looking down on the moveable contact when the
vapor condensation shields are in place. The coolant tubes are visible on
the outside of the shields. The tubes shown will carry liquid nitrogen or
cold nitrogen gas and will cool the shield shown which consists of two
concentric cylinders with an annular ring on top. A liquid helium cooled
shipJd (not visible) is locatcd in the annular space between the two con-
centric nitrogen cooled cylinders. The purpose of the helium cooled shield
is to cryovacuum-pump the switch.

A photograph of the switch at a later stage in the assembly process
is shown in Figure 27. Surrounding the contacts and cryogenically cooled
shields is the vacuum envelope. This shell, made from an epoxy impregnated
glass composite material, serves two basic functions. First, it insulates
the fixed upper contact (anode) from the moveable lower cont3ct (cathode).
Second, it serves as the vacuum container for the device. Just below the
vacuum envelope, the helium fill and vent ports, as well as the vacuum pump
out port, are visible. The liquid nitrogen fill and vnnt tubeo (not visible
in this photograph) are located on the other side of the device. Below the
helium fill and vent ports, the switch actuation mechanism is visible.
This mechanism was designed for use in the single pulse mode and consists
of four springs and a pneuwatic cylinder. Just below the cryogen ports, two
of the four control springs are visible. When the switch contacts are closed,
the springs are compressed. Pneumatic separation of the switch contacts is
aided by the spring forces. The motion of the moveable contact may thus be
controlled by changing the air pressure in the actuating mechanism and/or by
changing the tension on the control springs.

To achieve tive pulses per second (multiple pulse mode), the actuator
could be changed to a hydraulic system. This will not be considered here,
but is considered feasible since a hydraulic actuation mechanism was designed,
constructed, and operated at a rate of five pulses per second with a standard
vacuum interrupter at MCA. Details concerning the design of that actuator
were reported in AFAPL-TR-72-38-Vol I, Dec. 1972. For the actuator for this
system the design would be similar since the moveable contact mass and stroke
are comparable.

In an integrated system, the switch could be mounted in the base of
the energy storage coil such that the magnetic field produced by the coil
was utilized in switching. In such a system the switch and coil would be
in series, consequently the magnetic field experienced by the switch would
be dependent on the current through it. At present the effects of the mag-
netic field on the switching process are not well understood, consequently
in an experimental system it would be desirable to have ialdependent control
over the applied field and the switch current. This requires a switch test
circuit (to be described later) which is independent of the field coil circuit.

In order to provide a magnetic field of substantial strength (>2 wb/m 2)
in a bore large enough to contain the switch described above, the decision
was made to construct a liquid nitrogen cooled coil which would be driven by
a constant voltage power supply. Table V pzesents a summary of the
characteristics of this coil.
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Figure 27. Linearly actuated switch mounted on
base with insulating vacuum envelope in position.
Also visible are the cryogen fill and vent ports,
two of the four adjustable linear motion control
springs, and the actuation mechanism.
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Table V

Field Coil Characteristics

Inner Winding Diameter 22.8 cm (9.0 in.)

Outer Winding Diameter 41.9 cm (16.5 in.)

Winding Depth 33.0 cm (13.0 in.)

Conductor 8 strands of AWO #8 heavy
formvar insulated copper

Connection parallel

Number of Turns 250

Inductance (measured) 9.8 mil

Room Temperature Resistance (measured) 61 mQ

Operating Temperature 770K

Initial Operating Resistance (calculated) 8.72 mQ

The total wire length in the coil is 6500 ft. and the coil weight is estimated
at 350 lbs.

The field coil is suitable for mounting with axis vertical in a non-
conducting, liquid nitrogen container as shown in Figure 28. The prototype
linearly actuated switch would be mounted in the warm bore of the coil with
high voltage end extending from the top and the moveable, low voltage end
projecting from the bottom where it would be connected to the actuator.

* Several field coil transients have been calculated and are given in
"Figures 29 and 30. Figure 29 is a plot of the central magnetic field and
coil temperature as a function of time for a constant applied voltage of 10
volts. Figure 30 is a plot of the central magnetic field and coil tempera-
ture as a function of time for a constant applied voltage of 30 volts. Power
supply internal impedance was neglected for these calculations.

In a typical transient, a battery bank would be connected to the field
coil at t - 0. The rate of field rise is then primarily dependent on voltage
and coil inductance. The field rises to a peak value, then begins to decay
because of the increase in coil resistance with time which results because of
joule heating. Figure 30 illustratIs that with a power supply voltage of
30 volts, the peak field of 2.1 Wb/m is attained after 4 seconds and that,
after 100 seconds, the coil temperature rises 100 K with an attendent field
decay to 0.65 Wb/m 2 . It is clear that higher applied voltages lead to higher
peak fields, faster temperature rises, and shorter working times in the
vicinity of the peak field.
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Figure 23. Prototypc linear switch mounted in bore of field
coil and dewar.
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Figure 31 is a calibration curve for the field coil and gives the
magnitude of the maguetic field at the center of the contact plane of the
linear switch electrodes as a function of the coil current. Field uniformity
in the vicinity of the electrodes is given in Figures 32 and 33. Figure
3? is a plot of the magnetic field along the axis of the coil as a function
of distance from the plane of contact of the linear switch electrodes. The
field has been normalized to the value of the field at the plane of contact
so that this one plot may be used at any current level. Figure 33 is a plot
of the axial component of the magnetic field as a function of the distance
perpendicular to the coil axis. These measurenents were taken in the contact
plane of the switch electrodes. Again, the field has been normalized to the
value -if the field at the center so that this one plot may be used at any
current level.

The liquid nitrogen requirement for the field coil has been calculated
and is shown in Figure 34 as a function of coil total "on time" for various
values of central field. The graph indicates, for example, that operation
at 2 Wb/m 2 for one minute will require about 50 liters. The results do not
take into account the heat transfer characteristics of the winding and bath.
These effects limit the maximum field which can be generated in the steady
state. At levels above this value ( 2.5 Wb/m 2 ) the required heat traasfer
to the bath is higher than that which can be supported continuously, conse-
quently total "on time" must be limited to prevent an unsafe increase in
winding temperature. In operation, the coil voltage drop would be monitored
continuously since this is an indicator of average coil resistance and, in
turn, average temperature.

2. TEST CIRCUIT

To provide a realistic test of the switch, an energy storage component
is required in. the switch circuit. Without the inductive component (load
coil), a power supply such as a battery bank cannot provide sufficient volt-
age to sustain the arc after the switch opens. Consequently, the arc would
extinguish and a "suzcessful," but unrealistic break of the circuit would

Figure 35 is an illustration of a switch test circuit in which the
switch would be placed in series with a battery bank and load coil. A back-up
cýrcuit breaker woulP also be used in the line but is not shown. The diagram
:-f the switch shows the ztationary and moveable contacts which pass through
Lhe conduLting end flit'ges of th. switch. The flanges are held in position
by the non-conducting shell. The sketch also shows the nitrogen cooled and
helium vapor conden~ation shields which are fed by tubes which pass through
the lower flange. During operAtion, following each arc break, the stationary
contact and upper flange will experience a high voltage V2 determined primarily
by the current level before break and the magnitude of the resistor across
the load coil. Following arc break the voltage on the low side of the switch,
V1, will attain a value determined primarily by the line inductance.
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This voltage may be of the ordar of several hundred volts and cannot be
neglected from the safoty standpoint. The liquid nitrogen storage dewar can
be isolated from this voltage if necessary, by grounding it and using non-
conducting tube to feed the nitrogen shield. The liquid helium storage dewar
cannot be easily isolated, however, since the transfer line must be vacuum
insulated and from a practical standpoint, must be metal. The result is that
it will be necessary to let the helium dewar and transfer line float tu the
potential V1 . Since the latter cannot be avoided for the helium vessel, the
nitrogen container would also be allowed to float. This approach would not
pose any problems during testing since at that time all personnel would be
suitably placed and protected by a grounded screen uurrounding the test
facility. Figure 35 does not show the liquid nitrogen cooled field coil
which will be placed around the switch and excited by a separate circuit.

A sketch of the load coil which was constructed for use it& the switch
test circuit is given in Figure 36. It consists of 39 turns of twenty
parallel conductors. Each conductor is aluminum with a zectangular cross-
section. 0.14 x 0.5 in. The estimated weight of the coil is 525 pounds.
This coil will be placed in sariec with the switch and serve as an energy
storage component to provide sufficient voltage to sustain the arc. The coil
is made up of sixteen individual pancakes, all of which are connected in
parallel. Thus, the total number of coil turns (39) is equal to the number
of turns per pancake. Table VI is a summary of the characteristics of the
load coil and a photograph is giv'en in Figure 37.

Table VI.

* Load Coil Characteristics

Inner Winding Diameter 55.2 cm (21.75 in.)

Outer Winding Diameter 99.8 cm (39.25 in.)

Winding Depth 29.2 cm (11.5 in.)

Conductor 0.356 cm x 1.27 cm
(0.14 in. x 0.5 in.)
bare Aluminum bar

Winding Configuration 16 pancakes

Cunnection parallel

Number of Turns 39

Inductance 0.902 mH

Rocot Temperature Resistance 3.80 mQ

Steady Operating Current 2 LA

Short Term Operating Current 20 kA

59



4a DIA

FIBERGLASS
CHANNEL

2.5

Yigure 36. Sketch of inductive component for switch test
circuit.

60

FA 2355



Figure 37. Energy storage coil, showing the sixteen
winding pancakes and the coil supporting structure.
The calculated inductance and resistance of the coil
are 0.966 ml! and 4,68 ms, respectively.
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Two large ) •reakers are presently available. Either one would
be st~rable for tuse as t~e back-up circuit breaker in the circuit up to the
full test current ach breaker weights 450 lbs., is of the two-pole type,
has a. thirrN minu • Losed rating of 7000 A and an interrupt capacity rated
at 50,000 A. The upenin; mechanism may be triggered manually, remote
mechanically or remote electrically.

An analysis was performed to determine the circuit parameters required
to yield a test configuration capable of providing 20 kA and 100 kV, 40 , sec
after interruption. The latter constraint is of particular interest. Results
are shown in normalized form in Figure 38. The circuit, which is initially
charged to a current 110 from an external supply (not shown), was analyzed
to determine the values required for the resistor and capacitor such that the
circuit characteristics would be compatible with the previously discussed load
coil (L - 0.902 mH) and the program requirements of producing 100 kV of volt-
age 401s after the interruption of 20 kA. In the figure, the voltage and time
are normalized such that, for unity damping factor (d - 1), the magnitude of
the maximum normalized voltage, as well as the normalized time at which the
maximum voltage occurs, are both equal to one. For values of the damping
factor greater than one, the circuit is overdamped, and the voltage decays
without oscillation. For values of the damping factor less than one, the
circuit is underdamped, and the voltage oscillates before decaying to zero.
For d - 1, the circuit is critically damped. Figure 38 thus shows the
discharge characteristics of the test circuit for various combinations of
circuit parameters.

Based on these results, a test plan was outlined by choosing the current
and voltage levels desired at each stage during testing. Once the load
inductance, maximum current, and maximum voltage are chosen, then choosing
a value for the damping factor (i.e., choosing the shape of the voltage pulse
during discharge) is sufficient to specify the values of R and C required for
the circuit, as well as specifying the time at which the maximum voltage
occurs. If the re3istance of the external charging circuit is known, the
required power supply voltage may be determined such that the specified
current is obtained within a given charge time. Table VII shows an outline
of a test plan for a full scale switch and the required circuit values,
calculated on the basis of a load inductance of 0.902 mH, an external
resistance of 7.0 mP, and a charge time of 190 msec.
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Table VII

Outline of Test Plan
Specifying Circuit Characteristics Required
to Achieve Full Scale Switch Parameters

I V V V
max max d C R t Ps 0

(KA) (kV) - ( -PF) (Q) Iis (V)VE

0.8 4 2.5 2.5 5.99 40 7.3 1.7

4.0 4 2.5 62.7 1.20 200 36.4 8.4

4.0 20 2.5 2.5 5.99 40 36.3 8.3

20.0 4 2.5 1566.0 0.24 1000 184.0 42.7

20.0 4 87.5 62.7 0.20 75 184.0 42.8

20.3 20 2.5 62.7 1.20 200 182.0 41.8

20.0 100 2.5 2.5 5.99 40 182.0 41.6

The column headed t represents the time at which the maximum voltage occurs.
The last column in table VII represents the voltage across the circuit at
6ae end of the charge cycle. A comparison of these voltages with the maximum
discharge voltages shows that the charging voltage is negligible, and the
discharge characteristics appear as shown in Figure 38.

The test procedure outlined in Table VII was chosen so that the switch
would not initially be tested with hIgh currents and high voltages simultan-
eously. The list is not all inclusive since no attempt was made to indicate
repeated voltage levels. The purpose of the list is to show the range of
variables necessary to begin testing at low voltages and currents and work
up to the high levels corresponding to program goals. As shown, the maximum
current is increased first, while voltage is held low initially, and then
brought up to a level corresponding to the current. The fourth and fifth
rows of the table demonstrate the effects on the circuit components of chang-
ing the shape of the discharge voltage. The availability of circuit components
would ultimately determine the act,,li test procedure and discharge character--
istics; however, Table VII does provide a basis from which to work.

Consideration was also given to the use of a switch support subsystem
or arc quench circuit which would utilize two parallel LC circuits across
the switch to provide a quench current pulse shape with a low rate of change of
current when the quench current was close in magnitude to the switch current.
The circuit under consideration is shown in Figure 39.
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For purposes of analyeis, it was assumed that the switch impedance was low
enough, so that coupling between the two parallel arc quench branches could
be neglected. The total quench current, I, is thus Just the sum of the
currents fEom the two individual branches. In addition, the circuit damping
was nelectec (R 1 - R2 - 0), The total current may then be obtained and
normalized as follows:

i - sin T + a sin bT

whet 6.

i - , VI 7-'j normalized currentv 1
0

1/2
FL C 1

L L2C1
1/2

b" [ 1C ]

T t

Figures 40 and 41a through 41c indicate the general nature of the
arc quench currents which may be obtained. The slopes are included for
comparison. Figure 40 shows the trivial case consisting of the character-
istic with only one Lranch (C2 = 0). A variety of alternatives are availablE
with both branches, as shown in Figures 41a through 41c. Figure 41h
is, of the four cases, the configuration of choice for are quenching, because
of the relatively slow and linear current decay after the first peak, daring
whi.ch the arc would be extinguished.

This section has described an advanced vacuum interrupter designed to
satisfy the program goals on interrupt current and withstand voltage. The
switch incorporates features suited to a test prog'ram tor evaluation of the
effects of cryogenic cooling, cryovacuum pumping, shaped contacts and appliedI magnetic field on switch operation. The ranges of test circuit parameters nec-
essary to provide the full scale test currents and voltages uere discussed. A
promising concept for the arc quench circuit was presented and the flexibility
of control over the quench pulse shape was Irdicated with computed transients.
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SECTION IV.

ROTARY SWITCH

The requirement in this program for a repetition rate of five pulses
per second translates into a very stringent design constraint for a linearly
actuated device. The switch actuating mechanism must move the non-stationary
contact mass through a distance of approximately 0.75 in. in a few milliseconds.
At the end of the closing stroke, the mass must be decelerated to a low impact
velocity to minimize contact bounce or chatter. Operation at the repetition
rate required approaches the limit of present technology. It is, therefore,
natural to consider a rotary device since the mass acceleration problem is
automatically negated. In a rotary device the breakdown voltage problem will
be of major importance, however, the potential for utilization at much higher
repetition rates makes consideration worthwhile.

In this section, a rotary switch configuration will be presented. The
dominant factor in determining its overall size is the size of the brushes
necessary to transfer current from the stationary to the rotating components.
A new concept for a brush configuration will then be presented. The brushes
consist of a large number of metallic filaments in contact with a rotating
drum. Preliminary tests indicate that current densities of 3000 A/in? may be
achieved in the brushes as opposed to current densities an order of magnitude
lower in more standard configurations.

1. SWITCH DESIGN & DEPENDENCE ON BRUSH CURRENT DENSITY

In an earlier Air Force program (F33615-71-C-1454) a rotary switch
concept was conceived for possible use in future inductive energy storage
systems. It utilizes a magnetic field which, in an integrated system, could
be provided by the energy storage coil itself. For convenience, Figures 42,
43, and 44 which follow, will be repeated here (from: AFAPL-TR-72-38-VOL.I).

The basic principle of operation is illustrated in Figure 42. The
switch utilizes an externally applied magnetic field together with a segmen-
ted rotor and brush system. Position 1 in the figure shows the switch in its
closed mode of operation. Current passes from the rotor through the brush to
the fixed contact assembly. To "open" the switch, the shaft is rotated until
its insulating aegment covers the brush. At this time, an arc is drawn at
point "a" in the gpp between contacts. The current in the arc interacts with
the externally applied field B and the rerultant I x B force driveb the arc
around the periphery of the rotor. The gap widens thus increasing the arc
length and, in turn, its resistance. If the arc does not extinguish before
traversing the entire periphery, one end anchors at point "b" as shown in
position 3 and the arc continues to lengthen.
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A preliminarY design configuration based on the above is ahown in
Figure 43. The d.evice coasiscs oL a rotating electrically conducting shaft

which has an inaulated segment aJong its entire length. Current enters theF. conducting portion of the shaft vis a slip-ring assembly, then passes through
one of two brush sets depending on whaft orientation. As shown, the switch
is in its "open" or no current flow position. Two brush sets are utilized
and are rotationally out of phase relative to the shaft. To close the switch
and initiate current flow, the shaft is rotated clockwise (when viewed as
shown in the sectional drawings) until the .onducting portiou of the shaft
is adjacent to the high conductivity brush. This is the switch configuration
during most of the switch "on cime." To terminate the current flow, the shaft
continues to rotate clockwise. In doing so, the insulated section of the
shaft cuts off current flow into the high conductivity brush section before
cutting off the low conductivity brush; thus, the current transfers into the
latter section. This is done to control the location at which the subsequent
arc will form.

As the shaft continues to rotate, the insulated scction terminates
current flow through the low conductivity brush and an arc is cormed at the
narrowest part of the gap between contacts 't a point adjacent to the low
conductivity brush. To insure that the arc forms at this section of the shaft,
the shaft is machined with a curved, raised shoulder in this region. The arc
then interacts with an externally applied field with direction shown and the
resulting Lorentz force drives the arc around the periphery cf the shaft. The
gap widens as the arc progresses and, depending on details of the circuit,I
the arc may be extinguished. The cycle is repeated by continued rotetion.

A possible variation of the above design is shown in Figure 44 which
is a similar device with mu]tiple low conductivity brush scctions. Two low
conductivity brush sections are shoei, separated by a slip-ring type, high
conductivity section, the purpose of which is to return the current to the
rotor. These two sections are electrically connected such that they are in
series, hence, two separate arcs must form and both interact with the applied
field. A statistical advantage is gained in such a system since, in essence,
only one of the two arcs must extinguish in order for the current to terminate.
This concept may be extended to more than two sections. The limit on number
of sections would be governed by the length of the applied field legion and
the breakdown strength of the gap in the high conductivity region.

The actual size of a rotary switch will be largely dependent cn the
attainrble current density in the brushes. The required cross-sectional
dimensions for a brush system carrying 20,000 A are given in Figure 45 as a
function of current density. Conventional bzshes are capable of long term
operation at current densities up to 150A/in. ar indicated in the figure.
For short periods, conventional metal filled graphite brushes may be run up
to the 300-500 A/in. 2 range. Note that, even at this level, the brush cross-
sections required would be very large.
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Figure 45. Cross-sectional dimensio:is of brushes carrying 20,000 A
as a function of zurrent density.
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In this program, several brushes were constructed and Lonsisted of
metallic fibers running on a solid metal surface. Current densities at-
tained in the tests were in the 2,000-3,000 A/in2 range. This area is
also shaded on Figure 45 and indicates the decreased size which is pos-
sible with brushes of this type. Results will be detailed later in this
section, however, it is obvious that brushes of this type have the poten-
tial for decreasing weight and size in a large number of applications.

The ability of filai.ientary brushes to withstand arcing requires
investigation. For che purposes of this section, however, a switch
design will be presented in which arcing is allowed in the brush i'gion.
In the event rtat future work indicates that this is n)t allowabij., then
other configuratcins ma' be considered (e.g., using a rotary unit with
filameatary brushes as the main charging switch as discussed at the end
of Section II)

2. PROTOTYPE ROTARY SWITCH - SCALING TO 100 pps

The operation o' the rotary switch design to be presented will be
illustrated first witi the sketch in Figure 46. The concept is similar
to that discussed re-lative to Fi)iure 43 except that the rotor is tapered
downstreavm of the low conductivity brush section, and has a helical raised
shoulder. With th's design, the arc may travel around the rotor several
times in the arc channel and be forced to an ever increasing length.

The additional arc :ime is actually necessary because the speed of
the arc may be expected to oe large compared with the peripheral speed
of rotor, hence, the are must be sustained until the shaft rotates such
that the voltage breakdown strength at the point of arc initiation is
large encugh to withstand the voltage after arc break.

An assembly drawing of a prototype rotary switch is shown in
Figure. 47. This design combines the tapered rotor feature illustrated
in Figure 46 with the multiple arc channel feature illustrated in
Figure 44. The unit has Leen designed to be mounted with axis vertical
and has a diameter small enough for testing with the liquid nitrogen
cooled field coil described earlier. Components have been sized for
20,000 A operation on che basis of brushes capable of carrying an rms
current density of 3,000 A/in 2, This is consistent with test results
summarized above ane described in Section Iv.2. A variable speed drive
motor is shown and i: capable of rotating the shaft at switching rates
consistent with pulse repetition from 5 to 100 pps. The drive end of
the unit also consisus of hearings for the shaft and a rotating seal
which allowq liquid nitrogen to be fed down the center of the shaft for
cooling purposes. fhe electrically active portions of the switch are
below the mounting piate and operate in vacuum provided by the vacuum
housing and vacuum seals at the upper and lower end of the assembly.
Coolant for the nonrotating portions of the switch is provided by liquid
nitrogen fed through a tube in the mounting plate. Current input to the
switch and into the shaft occurs in Section ". which has four filamentary
brushes in continuous contact with the shaft (see Section A-A). For the
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major fraction of the switch on-time, current passes down the shaft,
radially outward through the brush In Section III and out through the
output buss. Section B-B illuitrates the brush in Section III as well
as the shaft in this region which has a cut-out to interrupt current
flow. As this cut-out interrupts the Section III brush the current is
forced to travel down the shaft, radially out to the conducting housing
in Section V, down the housing, radially into the shaft through the
brush system in Section VII, down the shaft, radially out through the
brush in Section IX to the housing and high resistance buss, and, finally,
up the buss to the output terminal. As the cut-out on the shaft inter-
rupts the current through the brushes in Sections V and IX (at the in-
stant illustrated in Sections B-B and C-C) an arc forms in the arc chan-
nels in these sections and is driven around the periphery of the cones
in each section by an externally applied magnetic field parallel to the
axis. A distance for arc travel greater than one meter has been provided

-•on each cone. There are two arcs in series and, as they travel around
the shaft periphery, each lengthens and also generates a back emf by
interaction with the field.

The peripheral distance moved by the arc is determined by the cur-
rent level, magnitude of the applied field, and arc duration. This
relationship is shown in Figure 48 for an applied field of 2 Wb/m 2 . An
upper limit on allowable arc time is indicated for the case of 5 pps and
for 100 pps. At 5 pps this is dictated by the design goal of having a
switch on-time of at least 190 msec; at 100 pps the on-time fraction was
chosen as 95% (this is equal to an on-time fraction equivalent to that
at 5 pps or 0.19/0.2 = 0.95). A lower limit on allowable arc time arises
from the need to sustain the arc long enough to allow the shaft to rotate
until the leading edge of the shaft cut-out progresses far enough to pro-
vide adequate voltage hold-off when the arc is extinguished.

For a rotational speed of 300 rpm (= operation at 5 pps), Figure 49
shows the voltage hold-off distance for the leading and trailing edges of
the shaft cut-o'zt as a function of arc duration. The optimum occurs when
the brush is midway along the cut-out and corresponds to a hold-off dis-
tance of 0.4 cm and an arc duration of 5 msec. In this amount of time,
Figure 48 shows that the arc will travel 0.7 m, 2onsequently the 1 m
peripheral distance allowed oin the "cones" in the design is adequate.

If the same switch design is utilized at a higher repetition rate,
several alterations in operation must be considered. First, the peak
operating current must be reduced so as to maintain the same rms current
density in the system. At 100 pps, for example, the peak operating cur-
rent would be 1,000 A. Second, the allowable arcing time must be altered
to take account of the higher rotational speed. This is illustrated in
Figure 50 which is analogous to Figure 49 but was calculated for a repeti-
tion rate of 100 pps. Note that the optimum ioltage hold-off distance
now correspunds to an arc duration of 0.25 msec. The main impacL of this
result would be felt in the timing of the arc quench circuit for the
switch which would have to be fired at a time after arc initiation which
was determined by repetitiorn rate. This optimum arc duration is plotted
in Figure 51 as a function of repetiticn rate.
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Figure 49. Voltage holdoff distance for leading and trailing edge
of shaft cutout vs. arc duration for repetition rate
of 5 pps.
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All brushes have been sized at an rms current density of 3,000 A/in 2 .
Since all of the brushes are not "on" all of the time, thc required cruss-
Perrtinal area is different for each set. This is best understood by ref-
erence to Figure 52 which is drawn for the case shown in Figure 47. In
these diagrams, the rotational position corresponding to a zero angle is
that at which the brush in Section III is fully open (i.e., over the shaft
cut-out) and about to begin conducting current. The top two diagrams
indicate the fully opened and fully closed positions for the brushes in
Sections III, V, and IX. As shown, the brush in Section III leads the
other two and the choice of angles is such that the Section III brush
opens while the other brushes are still closed so as to effect a current
transfer iato the latter. The solid lines in the top two diagrams indicate
the contact area of the brush versus angle. The actual resistance to the
circuit is closer to a step function, however, as shown by the dotted line
since the constriction resistance varies exponentially with the restriction
ratio.

The current through the brush in Section III is illustrated in
Figure 52C. It is assumed that a constant voltage source is used with
total circuit current governed by an inductance as in an energy storage
circuit. For the brushes in Section V, VII and IX, the current for the
portion of the cycle -160 < wt <- 326 0 is held to a low level even though
they are closed and in parallel with the brush in Section III by the use
of a high resistance in that leg of the switch circuit. In the design in
Figure 47, this would be effected by use of brass, stainless steel, or
beryllium copper for the high resistance buss connecting the output of
Section IX with the output of Section IIl. The current in the brushes in
Sections V, VII and IX suddenly increases at wt •326 0 because the brush
in Section III opens at that point. At wt ; 3420, the brushes in Sec-
tions V and IX open but current continues because an arc forms at that
instant. Arc duration carries the on-time for Sections V, VII or IX to
wt - 3460 (assumed for this example). The current through the input
brushes (Section I) is shown in Figure 52E and is the sum of the currents
shown in Figures 52C and 52D.

Figure 53 illustrates a cross-section of the shaft with superimposed
brushes to illustrate the following nomenclature:

r. = shaft outer radius

rc = radius of coolant hole in shaft

6i = angle subtended by shaft cut-out or insulator

eb = angle subtended by brush in Section III

ed = angle subtended by brush in Section V and in Section IX

= angle by which Section III brush leads brushes in
Sections V and IX.
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Figure 52a. Open-clused timing for brush ýn Sec'tion III.

ULLY -I i I I
PEN 0 40 so 120 ISO zoo 240 ago 52'G6

ULLY

LOSE Figure 52b. Open-closed timing for brushes in Sections V & IX.
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Current through brush in Section III.

0 40 t0 120 160 200 240 210 ;a~ T Aft

U Figure 52d. Current through Sections V, VII & IX.
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Current through brushes in Section 1.I
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Figure 52. Timing and current diagrams for brushes as a function of
rotational position.
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Figure 53. Nomenclature for shaft radii and angles sub-
tended by brushes and shaft cutout (insulator)
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If the peak circuit current is defined as Ip, then the rms current through
the various brushes for design purposes may be shown to be:

Section : e--ed

Section III: I s ( Gi b)

Sections V, VII & IX: Irms 1( 6 d

The above assumes an arc duration of zero time and the circuit conditions
associated with the diagrams of Figure 52.

The design in Figure 47 was generated by assuming an allowable brush
rms current density of 3,000 A/in2 , a shaft radius of one inch, a material

,Zw resistivity equal to that of copper at room temperature and an allowable
heat transfer rate to nitrogen cooled surfaces of 5 watt/cm2 . Subtended
angles for brushes and shaft insulation were then chosen for geometrical
and timing consistency and to effect a balance between heat generated and
removed. Utilization of a room temperature resistivity is conservative
but reaLionable for design of a prototype to be tested extensively.

3. FILAMENTARY BRUSH TESTS

The previous section described a design for a rotary switch which
utilizes filamentary brushes capable of operating at current densities
substantially in excess of the capabilities of standard types of brushes.
This section will discuss the filamentary brush concenpt and present test
results which illustrate current density and voltage drop characteristics.

When two solid surfaces are placed in contact, the real contact
area is substantially less than the apparent contact area. This is shown
in Figure 54 which illustrates a magnified view of two solid surfaces in
contact. If the plane surfaces were infinitely hard, they would contact
at only three points. However, because of elastic and plastic deforma-
tion, the number of contact points and their area is determined by the
load, surface finish, and stress-strain characteristics of the material.
Complete agreement does not exist on the method for calculating the real
contact area, but it may be estimated by:( 7 )

A = F/y

86



AREAS OF CURRENT
CONCENTRATION

CURRENT
LINES

Figure 54. Illustration of the current transfer
across solid metal surfaces.
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where:

A - real area of contact
r

F total load on contacts

Y - average yield pressure of the surface high points

The latter is dependent on the material and surface finish. Holm(8 ) has
shown that 7 may be estimated by about three times the modulus of elasticity
f or the contact material. On this basis, it is instructive to estimate the
ratio of real to apparent contact area for several materials. This is shown
in the following table for a fixed contact pressure of 100 psi.

Table VIII.

Estimated Ratio of Real to Apparent
Contact Area for Plane Contacts

at a Pressure of 100 psi.

Ratio of Real to Apparent
"Material Contact Area

copper 6.25 x 10-6

tungsten 2.0 x 10-6

gold 8.35 x 10-6

silver 9.1 x 10-6I carbon or graphite blocks 1.4 x 10-4

For the metals, the estimated area ratio falls in the range 10-6 to i0-5
whereas the carbon or graphite blocks yield a ratio of order i10-. 1 The
point to be made in any case is that the real to apparent area ratio Is very
small. This limits the current density attainable in the contact because of
the constriction of the current at the contact interface (see Figure 54) as
it passes through the real contact points. In metallic contacts (eg. as used
in the linearly actuated switch) the problem is not as severe since the lower
electrical resistivity relative to carbon or graphite leads to less power
dissipation at a given current density and the higher thermal conductivity
relative to carbon or graphite leads to better heat transfer from the points
of localized high dissipation at the interface.

lIt must be noted that the 100 psi. pressure chosen for comparison purposes
is relatively high for carbon or graphite and relatively low for metallic
contacts (eg:- see Figure 13).
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In this section, the primary concern is sliding contacts which will
allow current to transfer to and from a rotating mechanism. Graphite and
metal filled graphite brushe- are the standard means for performing this
function, however, they are limited in operational current density. Typically,
graphite and copper or silver filled graphite brushes may be expected to
operate with current densities and voltage drops as indicated in Table IX.

Table IX .

Typical Current Density & Voltage Drop
for Standard Brushes

Current DInsity Voltage Drop
Material (A/in (V) .

carbon 35 - 45 1.8 - >2.5

graphite 40 - 60 1.0 - 2.5

metal filled graphite 75 - 50 0.3 - 1.8

For short periods of time operation at levels of 300-500 A/in. 2 has been
carried out, however, it must be remembered that standard brush characteristics
are strongly dependent on the atmosphere in which they operate. In particular,
water vapor is essential to maintain the friction, wear and electrical behavior
which is usually expected. Because of the requirements of this program the
initial development of a high current density brush was undertaken.

Since one of the problems in increasing operational current density is
the small ratio of real to apparent contact area which results from a limited
number of contact points, a concept was developed to attempt to overcome this
difficulty. The approach consisted of utilizing a large number of metallic
fibers in contact with a plane surface. Each fiber is a potential contact
point and the number of points per unit area would be limited only by the
ability to mechanically hold and thermally heat sink the fibers.

A natural candidate for evaluation was available since the supercon-
ducting wire manufactured by Magnetic Corporation of America is a composite
of continuous Niobium-Titanium filaments distributed in a copper matrix.
Cross-sections of two typical conductors are shown in Figures 55 and 56.
The conductors are available in a large number of sizes with different
numbers of filaments. Removal of the copper and exposure of the NbTi fila-
ments yields a large number density of small diameter parallel fibers which
are in intimate contact with copper on one end. The latter is, of course,
advantageous from a heat transfer standpoint.
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Figure 55. Cross section of NbTi-Copper composite, 1.62 mm
square, 180 strands of NbTi, 1 twist/in. The inner strands
have not been put in because they do not twist. This con-
ductor is capable of carrying a current of 1050A at 60 kilo-
gauss (J-4 x 104 A/cm2 ).

i¾

Figure 56. Cross section of 1.67 mm x 3.35 mm NbTi composite
containing 2133 strands of NbTi in a copper matrix with 0.5
twists/in, capable of carrying 2200A at 60 kiloguss
(J=5.2 x 104 A/cm2 ). '
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In order to measure the current-voltage characteristics of the brushes,
a rotary test rig was constructed. This is shown in the photograph, Figure
57, and the drawing, Figure 58. The main shaft of the test apparatus is
rotated with a belt drive from a 3/4 hp DC motor. Current is fed to the
rotating main shaft through a stationary brush assembly. This assembly con-
sists of eight paralleled copper-graphite brushes (SCP Grade 505), each of
which has cross-sectional dimensions of 6.35 cm x 2.18 cm (2.5 in. X 0.86 in.).
The current flows down the main shaft, then flows through a flexible coupling
to a portion of the main shaft which is mounted inside an inverted glass tee.
The glass enclosure serves as an environmental control for the equipment.
The brush holder, which also serves as a current collector, is mounted ver-
tically in the upper leg of the inverted tee such that the brush contacts a
brass wheel which is rigidly attached to the main shaft.

Figure 59 is a photograph of a filamentary NbTi brush (Sample No. 1)
mounted in the brush holder. The brush is made up of 2133 NbTi filaments
imbedded in a copper matrix. The ratio of copper to niobium titanium is 2:1.
The outer diameter of the copper matrix is 0.759 cm (0.299 in.). Each of the
filaments has an outer diameter of 0.0095 cm (3.73 mil), and an exposed
length of 0.965 cm (0.38 in.). As is shown in the photograph, the filaments
tend to spread out at their unattached end. In addition, the majority of the
strands at the free end are located in an annular region, the inner and outer
diameters of which are 0.514 cm (0.202 in.) and 0.824 cm (0.324 in.),
respectively. The outer diameter of the filament bundle at the attached end
is 0.671 cm (0.264 in.).

The experimental results obtaincd with Sample No. 1 are typical and
have been very encouraging. The sample carried 162.5 A, which corresponds
to a current density of 360 A/cm' (2320 A/in.2) in the CuNbTi composite. At
this current, the voltage drop across the brush was 0.16 V, and the tempera-
ture of the brush at its attached end was 560C. There was no observed sparking
at the interface between the brush and the rotor, although there were indica-
tions that brush and/or rotor wear may be severe.

Figures 60, 61, 62, and 63 are plots of the experimental data
obtained with Sample No. 1. Figure 6) is a plot of the voltage drop across
the brush as a function of the current through the brush for a constant
rotational speed of 218 rpm. For comparison with the experimental data, the
straight line V/I = 1 mV/A has been included. Figure 61 is a plot of the
voltage drop acioss the brush as a function of the rotational speed for
various values of current. As can be seen from this plot, the voltage drop
is insensitive to the rotational speed for the low range of speeds covered.
Figure 62 is a plot of the maximum thermocouple temperature as a function
of the current for a constant rotational speed of 218 rpm. For zero current,
the minimum thermocouple temperature is included. The difference between the
minimum and maximum temperature at zero current indicates the temperature
rise resulting from frictional losses only. Figure 63 is a plot of the
maximum thermocouple tempereture as a function of the brush power (where brush
power is defined as the current times the brush voltage drop) for a constant
rotational speed of 218 rpm. As in Figure h2 the temperature rise due to
the frictional losses has been included. The data of Figures 62 and 63
were obtained with the thermocouple mounted on the brush holder close to the
base of the brush strands. Thus, the temperature of the thermocouple is
approximately that of the >rush filaments at their attached end. The data
contained in Figures '-0 through 63 all correspond to steady state cperntion.
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Figure 59. Sample No. 1 for the rotary test apparatus. The brush,
shown mounted in its holder, has the following characteristics:

Composition NbTi filaments in Cu matrix

Ratio, Cu:NbTi 2:1

Size (including Cu) 0.774 cm (0.305 in) dia

Number of filaments 2133

Filament size 0.0097 cm (3.82 mil) dia

Exposed filament length 0.677 cm (0.267 in)
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Figure 61. Measured voltage drop across the filamentary brush (Sample
No. 1) as a function of the rotational speed of the rotor for various
values of current. The straight lines correspond to constant voltage
drop for a given current.
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Figure 62. Maximum measured thermocouple temperature as a
function of the brush current for Sample No. I at a constant
rotational speed of 218 rpm. The smooth curve is arbitrary.
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Figure 63. Maximum measured thermocouple temperature as a function of
the brush power (defined as current Y brush voltage drop) for Sample
No. 1 at a constant rotational speed of 218 rpm. The straight line is
included to indicate the linear relationship between the temperature

and brushi power.
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The brush described above was fabricated from a single composite
conductor. Other configurations included brushes fabricated from several
small composite conductors in parallel. An example is Sample No. 7 which
was fabricated from seven identical conductors, each of which had the follow-
in& characteristics: 0.268 cm (0.105 in.) diameter, 0.294 cm (0.1156 in.)
average strand length, 2133 filaments, and a 2:1 ratio of copper to super-
conductor. The brush carriid 186 A whic corresponds to an overall conductor
current density of 473 A/g (3050 A/in. ), and a filament current density
of 1420 A/cm (9160 A/in.'). Figures 64, 65 and 66 summarize the
experimental results obtained with this sample. Figure 64 is a plot of the
filamentary brugh voltage drop as a function of the brush current for a
rotational speed of 300 rpm. The straight line indicates a V/I ratio for the
brush of 0.64 mn. Figure 65 is a plot of the maximum thermocouple tempera-
ture as a function of the brush current for a rotational speed of 300 rpm.
The difference between room temperature and the zero current temperature
corresponds to the temperature increase due to frictional losses. The thermo-
couple was positioned as close as possible to the base of the brush where the
filaments are attached. Figure 66 is a plot of the maximum thermocouple
temperature as a function of the filamentary brush power, where the power has
been defined as the product of the brush current and brush voltage drop.

A summary of the results of the steady state characteristics of the
filamentary brushes is contained in Table X. The samples are listed in
the order in which they were tested, from Sample 1 to Sample 7. Only Sample
No. 1 of the seven samples was not tested to the limit of its current carry-
ing capabilities. Table X is organized in the following manner: the first
section gives the pertinent physical characteristics of the samples; the
second gives the electrical characteristics; and the third and final section
gives other parameters associated with the performance of the brushes.

The contents of the first section of Table X require little
explanation. Samples 5, 6 and 7 were all made up of more than one conductor,
as shown in the table. The total conductor area of Sample No. 7 for example,
is soven times the area of a single conductor, rather than the overall area
that the seven conductors occupied. That is, no attempt was made to include
the patking factor of the conductors in each brush, which permits evaluation
of the samples on a "per conductor" basis.

The second section of Table X contains the electrical characteristics
of the brush samples in terms of their maximum current carrying capabilities.
For each maximum continuous current there is a corresponding "run time." as
given in the table. A "+" after an entry indicates that that particular
sample could have been run longer than the time given. An absence of a "+"
indicates that the time given corresponds to the time required for the fila-
mentary brush voltage drop to increase to 1.5 times (arbitrarily selected)
its original value at the given current level. The conductor and NbTi current
densities conclude this portion of the table. The conductor current densities
of Samples No. 3 and 4 are low because of the large ratio of copper to
superconductor in these conductors.
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Figure 66. Maximum measured thermocouple temperature as a function of
the filamentary brush power for Sample No. 7 at a rotational speed of
300 rpm. The difference between room temperature and the zero power
temperature corresponds to the temperature increase due to frictional
losses.
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Table L.

SUMMARY OF TEST RESULTS:

STEADY STATE CHARACTERISTICS OF FILAMENTARY BRUSHES

Sample number 1 2 3 4 5 6 7

No. conductors in sample 1 1 1 1 3 3 7

No. filaments per conductor 2133 2133 2700 2700 2133 2133 2133

Ratio, Cu:NbTi 2 2 6 6 2 2 2

Conductor size (cm) .759 .759 lx.5 lx.5 .268 .268 .268
(in) .299 .299 .2x-4 .2x.4 .105 .105 .105

dia dia rect rect dia dia dia

Filament size (cm) .0095 .0095 .0059 .0059 .0033 .0033 .0033
(mil) 3.73 3.73 2.32 2.32 1.315 1.315 1.315

Filament length (cm) .965 1.40 .812 .33 .352 .222 .294
(in) .38 .55 .32 .13 .139 .0876 .1156

2 *
Total conductor area (cm2) .452 .452 .516 516 .1682 .1682 .393

(in 2 ) .070 .070 .080 :080 .0261 .0261 .0609

2NbTi area (cm2) .1505 .1505 .0738 .0738 .0561 .0561 .131
(in2) .0234 .0234 .01.14 .0114 .0087 .0087 .0203

Continuous Imax (A) 165 175.5 76. 101. 76.5 81. 186.

Run time at Imax (min) 40+ 15 10.5 69+ 20+ 21.7 43.5
ontt

Conductor Jmax (A/cm2' 360 389 147.2 196 454 481 473
(A/in2 ) 2320 2500 950 1263 2930 3100 3050

NbTi Jmax (A/cm2) 1080 1166 1032 1372 1362 1443 1420

(A/in2 ) j 6960 7500 6650 8850 8790 9310 9160

Measured Rb (mQ) 1.0 1.8 4.0 1.2 2.0 1.2 .64

Calculated Rb (mo) 1.0 1.45 4.0 1.62 2.0 1.26 1 .712

P0 (106 acm) 156 156 363 363 319 319 319

2 p 2 22
a s- 2 X/k (K) 1690 I 4150 2550 1140 733 328 612o sc

Conductor QF (10-8Qm2 ) 4.4 8.38 22.7 6.33 3.37 2.29 2.51

NbTi QF (10-8 m2)_ 1.46 2.8 3.24 .903 1.124 .763 .838
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The third and final section of Table X contains other parameters
associated with the performance of the filamentary brushes. Rb is the
effective brush resistance, defined as the ratio of the filamentary brush
voltage drop to the current. For low values of the current, the brush
resiatance may be calculated as:

Rb - pot/Asc

where:

Po M resistivity of the NbTi

Z - filament length

Asc cross-sectional area of the NbTi

This formula was used, along with the measured value of the brush resistance,
to "calibrate" the resistivity of the NbTi for the three different conductor
types investigated. The next quantity given in the table, 82, indicates the
difference between the maximum filament temperature and the thermocouple
readings at the attached end of the filaments (See Appendix II). The final
two quantities given in the table are conductor and NbTi quality factors which
are defined as the ratio of the filamentary brush voltage drop to the current
density (at the maximum continuous current level) in the conductor and NbTi,
respectively.

In an attempt to further evaluate the performance of filamentary brushes,
additional data was taken. At various current levels, the time required for
a 50% increase in the filamentary brush voltage drop was determined. This
data is plotted in Figure 67 . The two lowest data points on 2this plot (2
and 3) are the same two points that have the highest value of a , as shown in
Table X. In addition, at this current level, Sample No. 2 glowed yellow
in the central portion of its exposed filaments. This evidence indicates that
these two samples were thermally limited by the ohmic heat generated within
their strands. That is, these samples had filaments that were too long com-
pared to their cross-sectional areas to conduct away their 12R losses. Those
samples that reached a non-thermal limit (Samples No. 4, 5, 6 and 7), however,
have corresponding NbTi current densitics at the maximum current levels
attained, as shown in Table X. The average of the four NbTi current den-
sities is 1400 A/cm2 (9030 A/in. 2 ), and all four values lie within ±3% of this
average. This evidence indicates that, in order to maintain a stable and low
value of contact potential drop from the moving rotor to the stationary fila-
ments, there is a maximum NbTi filament current density that may be tolerated,
given by approximately 1400 A/cm2 (9030 A/in. 2 ).

The above tests were performed with brushes in contact with a continuous
rotor. Several tests were also performed on a discontinuous rotor to begin
gathering data on filamentary brush characteristics when switching.
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The rotary test apparatus was modified such that a current could be
switched by removing portions of the test rotor, as shown in the sketch of
Figure 68. This particular configuration was chosen because it presents
the brush with a large gap immediately following contact separation. Symmetry
was desirable to reduce mechanical balance problems. Results were preliminary
in nature. Without an inductive load in the switch circuit, the filamentary
brushes were used to switch 150 A at a pulse repetition rate of 5 pps. With
an inductive load of 10 mH, the filamentary brushes were used to switch 40 A
at a pulse repetition rate of 5 pps, without the aid of an auxiliary arc
quench circuit. This does not represent a limitation of the brushes, but the
limit of data taken to date.

Looking forward, estimates were made to determine the power supply
required to switch 2,000 A at a repetition rate of 10 pps in an inductive
circuit. The circuit which was considered is shown in Figure 69. The R
represents the load resistor, L the load coil, V the power supply, and R the
resistance of the power supply, leads, and closed switch. The purpose ol the
capacitor, C, is to limit the rate of voltage rise across the switch after
contact separation. The characteristics of the circuit are basically deter-
mined by the ratio of the coil inductance to the parallel combination of the
two resistors, R. = R Ri/(R + Ri). Figure 70 shows results for a final
current of 2,000 A using either the field coil or load coil described earlier
in this report. Basically, for Ri very small, the L/Rp time constant is long
compared to the charge time, very little voltage is lost across R., and the
current through the coil increases linearly with time. For Ri very large, the
L/Rp time constant is short compared to the charge time, the coil charges
quickly, and the large supply voltage is required to sustain the large drop
across Ki.

Based on the results of Figure 70, it can be seen that for Ri - 20 mP,
a supply voltage of 60 V is required to achieve 2,000 A through a 0.902 mH
"coil in 50 ms. The requirement for 60 V could easily be met with a set of
batteries consequently a test series at the 2000 A level appears reasonable
as the next step in brush evaluation.
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Figure 6& Sketch of the rotor configuration for current inter-
ruption with the filamentary brushes. The dashed lines represent
the configuration of the rotor before modification.
Scale: ful size.
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SECTI('N V.

SYSTEM INTEGRATION & FUTURE DEVELOPMENT

From an overall systems standpoint, it is technically logical to
utilize an applied magnetic field and cryogenic cooling in the switching
section of an inductive energy storage system. Cryogens will be avail-
able because of their necessity for operation of the energy storage
element and the magnetic field is available since it represents the means
whereby, the inductor stores its energy.

In this section a conceptual design for an integrated energy storage
coil, dewar and switching system is presented.

I. SYSTEM INTEGRATION

For the purposes of this section, the switching concept which will
be used will be that of a linearly actuated unit with parallel contacts.
This will illustrate the means by which the magnetic field from the energy
storage coil and the cryogens may be utilized. If a single contact lin-
early actuated switch or rotary switch with arc chute(s) is(are) developed
and found more appropriate, the basic concept for integration will be the
same.

In this discussion, tilh, energy storage coil will be assumed to be
superconducting. Typically, a one megajoule superconducting solenoid for

* f pulsed energy storage would have the following dimensions:

inside diameter: 0.34 m

outside diameter: 0.41 m

lvngth: 0.24 m

peak flux density: 6.0 W/m2

The above dimensions indicate the feasibility of mounting several
specially designed vacuum interrupters within the bore of the energy
storage coil. For the same energy if the peak flux density were lower,
the coil would be larger. In the final system design, a trade-off would
be performed to determine tCe optimum configuration. The coil size shown
above, together with the configuration about to be discussed, indicates
the feasibility of this approach.

For purposes of discussing the integrated system concept, the par-
allel contact vacuum interrupter configuration was chosen. The final
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design may use a rotary switch in a similar fashton. The integrated sys-
tem is illustrated in Figure 71 which shows three pair of contacts mounted
so as to utilize the field produced by the energy storage coil. The latter
is superconducting and immersed in liquid helium. The switch and dewar
share a common vacu,.m which is cryo-pumped by the molecular sieve material
bonded to the helium container as shown.

The dewar is liquid nitrogen shielded. In addition, the liquid
nitrogen is used to heat sink the shield for the molecular sieve and to
heat sink the arc vapor condensation shield. A separate liquid nitrogen
container is used to heat sink the stationary contacts. The movable con-
tacts are cooled by passing cryogen boiloff through a heat exchanger sur-
rounding the leads. The main features of the integrated system are:

(1) a common vacuum for switch and dewar

(2) shaped contacts to utilize the magnetic field
from .he energy storage coil

(3) cryovacuum pumping to remove all contaminants
including the noble gases

(4) switch losses reduced by reduced temperature
operation

(5) switch losses absorbed by cryogen and cryogen
boiloff

Several development problems remain in the design and construction of
an integrated system, however, the concept appears feasible. Characteris-
tics of subsystems would be intermarried for mutual benefit.

2. FUTURE DEVELOPMENT

a. Filamentary Brush

The large number of applications for a high current density brush
system, combined with the preliminary test results obtained in the program
form an argument for future development in this area which is overbearing.
In the brush tests conducted in this program, current densities in the
range of 2000-3000 A/in2 were attained with filamentary brush voltage drops
which are substantially lower than those obtained with conventional brushes
operating at their limit of about 150 A/in 2 . Potential applications lie in
high performance rotating machinery and other devices using sliding contacts
such as a rotary switch. Development has barely begun and the need is
obvious for extensive fundamental testing to determine the limits of per-
formance in terms of current density, voltage drop, materials, wear, fric-
tion and life.
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b. Rotary Switch

The concept of a rotary device to perform a switching function isparticularly promising for future applications because of the potentialfor achieving high repetition rates. Preliminary resultR with tilamentarybrushes indicate that operational current densities may be achieved which
will allow compact, lightweight devices to be built.

c. Linearly Actuated Switch

Preliminary estimates indicate that improved performance may beobtained in a linearly actuated vacuum interrupter utilizing cryogeniccooling and an applied magnetic field. Furthernore, operational losses
may be substantially reduced if the arc interruption process may be per-formed on multiple low current arcs in parallel as opposed to a singlehigh current arc (e.g., > 20,000 A). A program could be launched usingequipment which, for the most part, presently exists. The program wouldallow the basic effects of cryogenic cooling and applied magnetic fieldto be evaluated and progress through tests of a single contact unit tothe design construction and test of a parallel contact system.
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APPENDIX 1.

APPLIED MAGNETIC FIELD EFFECTS

Effects which arise due to the interaction of an arc with an applied
magnetic field are governed by the Lorentz force:

where: F - body force per unit volume

J - current density

B - magnetic flux density

Without loss of generality, the applied field may be projected into
components parallel and perpendicular to the arc current and the effect of
each considered separately.

The component of applied field which is parallel to the arc yields
no effect 2 if the arc is stationary since the "cross" product in the above
relationship is zero. If the arc moves in a direction perpendicular to its
axis, however, this moving charge constitutes a current which does interract
with the axial component of applied field. As shown in Figure 72, the
force which results tends to move the arc column in a direction perpendic-
ular to the original motion and to the axial field. This effect arises
when the entire arc column moves perpendicular to its axis or when a portion
of the arc column moves radially. The latter corresponds to an expanding
or contracting column and the net effect of the interaction of an expanding
or contracting arc column with an applied field component parallel to the
column axis is to initiate rotation.

The component of applied magnetic field which is perpendicular to the
arc column interacts directly with the main arc current and causes the arc
to move perpendicular to its axis as shown in Figure73. Figure 74 shows
experimentally determined arc velocities plotted as a function of the
electrodynamic force per unit length, IB. The data were obtained for arcs
in air, but are most likely of the same order for vacuum arcs. As an
example, for a current of 2 x 10 4 a and an applieg field of 2 W/m2 , the
electrodynamic force will be greater than 4 x 10 N/m, hence the velocity
may be expected to be 1400 m/sec.

2This is true in the large scale sense discussed here; the axial field can
effect arc stability (e.g.: see 0. Morimiya, et. al. "High current Vacuum
Arcs Stabilized by Axial Magnetic Fields.") (9)
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For further clarification, Figure 75 shows the data of Figure 74
plotted in a somewhat different manner: arc velocity (m/sec) versul
current (kiloamps) for various values of magnetic flux density (W/m ). Also
included is a scale showing the time required ( esec) for the arc to travel
10 cm at the average velocity shown. For a current of 2 x 10 4 a and a mag-
netic flux density of 2W/mr, the arc velocity of 1400 m/sec allows 10 cm to
be traversed in about 70 v sec. The magnetic field chosen for this example
is a lower limit for the design value of field which may appear in the bore
of a solenoidal energy storage system and the indicated speed is also a
lower limit if the arc is drawn in vacuum since aerodynamic drag wLll then
be absent. Consequently, higher speeds and, in turn, shorter trav-rsal times
may be expected. It should also be noted that the traversal distance of
10 cm was chosen for illustrative purposes only and that shorter distances
may suffice in actual application.

The presence of the transverse field as described above helps to
extinguish the arc in two ways. First, the motion of the arc in the presence
of the field results in a "back emf" which effectively increasis the arc
resistance. For 2 x 10 4 a and a magnetic flux density of 2 W/m , the back

iemf is of the order of 30 volts for an arc 1 cm long. The second effect
arises from the tendency of the transverse field to impede the motion of
charged particles parallel to the main axis. The charged particles tend to
rotate about the magnetic field lines (assuming no collisions) with a fre-
quency given by w. - (qB)/m where q is the charge, m is the particle mass
and wc is the so-called cyclotron frequency. From a microscopic standpoint,
this shows up as an increase in the arc resistance when the transverse field
is present and is shown on Figure 76. As indicated, a transverse field of
2 W/m2 may be expected to yield a factor of two increase in ar-ý resistance.
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APPENDIX Il.

THFRMAL ANALYSIS OF A BRUSH FILAMENT

In order to gain insight into the fundamencal thermal characteristics
of the filamentary brushes, a simplified model was initially chosen for
analysis. A single current carrying filament of length I was considered,
having a constant resistivity, and constrained to be at a given temperature
at each end. The ohmic heat generated within the filament was allowed to
escape only by conduction through the filament ends. For the given one
dimensional steady state configuration, the governing thermal equation is
as fellows:

d2T/dx2 + pj 2/k0 (1)

where:

T - filament temperature

x - distance from filament end

p - filament resistivity

j - filament current density

k - Lilament thermal conductivity

The above equation may be integrated directly to yield the temperature
distribution along the filament. Appropriate boundary conditions (filament
end temperatures) may be utilized to evaluate the two integration constants.
For the symmetric case of equal end temperatures (T - To at x - 0 and x - t),
the temperature distribution along the filament is given by the following:

T = T (02/2) (x/Z) (I - x/t) (2)
where:

82 2 212 /k (3)

From Equation (2), the location and magnitude of the maximum temperature,
T max may be found to be given by:

2T T + 82/8 at x a Z/2 (4)
max o

Thus, for this simple case, the maximum filament temperature is directly
proportional to the filament resistivity, the square of the filament current
density, and the sqaure of the filament ).ength, and inversely proportional
to the filament thermal conductivity.
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A case very similar to the one discuased above was also analyzed.
The same model was used, but with unequal filament end temperatures. That
is, the following boundary conditions were chonen: T ;,To at x - 0 and
T - To + AT at x - £. For this case, the temperature distribution along
the filament is given by:

T - T + (62/2) (x/1) (1 - x/1) + (x/L)AT (5)

From the above, it may be determined that the magnitude and location
of the maximum temperature are given by:

T -T + (0 2/8) (1 + 2AT/i 2 )
manx 0

at x - (L/2) (1 + 2AT/I ) (6)

Equations (5) and (6) should be compared with Equations (2) and (4),
from which it may be seen that the two cases become identical for 2AT/6 2 << 1.

ro carry the analysis a step further, the filament resistivity was

allowed to be a function of the local filament temperature; that is, the
resistivity was defined ao follows:

Si:.'P 0 P o [I1 + ca(T - To)] (7)

where p0o is the value of the resistivity at a temperature T - To, and a is
Cl the temperature coefficient of resistance. Inserting the above into Equation

(1) leads to the following expression for the temperature distribution:

d 2T/dx2 + a2T + b2 0 (8)

where:

2 22
a (1/)a~

and b' (2/2) (-caTo)
0

where 82 has been slightly redefined by replacing the p In Equation (3) by
P.. Using Laplace Transform techniques leads to the following solution: In
the "s" domain,

2 2 2
T(s) - (sT + T -b/s) / (s + a) (9)

0 0

where T/T is defined as the value of T at x 0 0, and TO is defined as the value

of dT/dx at x 0.
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Inverting Equation (9) leads to the following solution in real space:

T(x) a T + (T'/a) sin (ax) = (1 - coo (ax)) / a (10)

Choosing the boundary conditions allows T to be evaluated. As was stated
above, T - To at x 0 0, as may be seen from Equation (10). Choosing the
symmetric case of T - To at x - t leads to the following expression for To0

T* - (a/0) [1 - co((0 a .. in (a t) (

Inserting this into Equation (10) yields the following explicit solution for
the steady state temperature distribution of a filament which has a tempera-
ture dependent resistivity:

T(x) a T + [l cs(-)J sin(ax) - (1 - cos(ax)) / a (12)

Using trigonometric identitiea, it may be shown that the maximum temperature
occurs at a position midway between the filament ends, as would be expected
from the symmetry of the problem. That is T - T... at x - t/2. Substituting
this into Equation (12) and simplifying leads to-The following expression for
the maximum filament temperature:

T a T + (1/0)-1 (13)Tmax To cos (ak/2)- 11(3

A comparison of Equations (4) and (13) is useful, It can be shown
that, in the limit of small a, Equation (13) reduces to the following:

T - T + ( 2/8) (1 + 5aa2 /48 + 61 a 2 4/5760 + ... ) (14)max o

Therefore, for a - 0, the two expressions are identical, which would be
expected from the form of Equation (7).

Using the fact that at 8V-Wa, it may be seen that the maximum filament
temperature as given by Equation (13) is only a function of a, 6, and To.
Further, the maximum filament temperature rise above the the temperature,
Tx - To, is dependent only upon a and a. A plot of Tmax - To as a function
oF82 for various values of a is given in Figure 77, A useful comparison
of Equations (4) and (13) may be obtained by normalizing the maximum temper-
ature rise given in Equation (13) to 82/8. This has been done in Figure 79
in which the normalized maximum temperature has been plotted as a function of
82 for various values of a. As shown in the figure, the normalized maximum
temperature approaches one as a approaches zero. In addition, as can be seen
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from Equation (13), the maximum temperature becomes Infinite for values of
at - w -O/a. Thus for a given a, there is a maximum value of 8 for which
the temperature remains finite. Typical. values of a for the brushes now
under investigation run from approximately 0.0035 to 0.001 K 1 for reference
temperatures from 300 to 700 K.

The effects of a nonzero a on the shape of the temperature distribution
along the filament is also of interest. Figure 79 is a plot of the tempera-
ture distribution for a fixed 8 and various values of a, as given in Equation
(12). Because of the symmetry of the distribution about the filament center,
only half was plotted. As can be seen from Equation (2), for a - 0, the dis-
tribution is parabolic. For a small, the deviation from a parabolic shape is
not obvious, as shown in Figure 79. In order to accentuate the effects of a
nonzero a on the distribution, Figure 80 was generated, in which a - 0 and
a - 0.01 were chosen with a fixed 8, and the distributions normalized to their
respective maxima. For values of a between 0 and 0.01, the normalized distri-
bution would lie between the two curves shown. Hence, the effects of a nonzero
a on the filament temperature distribution are small.

For completeness, the results for the following case will also be
included: Unequal filament end temperatures and a temperature dependent
resistivity. That is, T a T at x - 0, T - T + AT at x - 2, and p - p(T)
as given by Equation (7). Rte solution for t is case proceeds as in the
previous case. The temperature distribution is given by:

T(x) - T + [AT + (1/a) (1 - cos(ai) sin(a)- (1- cos(ax)) /a
[0 sin(al) (5(15)

The maximum temperature ia given by:

T T +o (/a) cos~ax) (16)

where:

x - (1/a) arctan [tan(ak/2) + aAT/sin(at)] (17)

gives the location of the maximum temperature. For AT 0 0, it can be seen
that Equations (15) and (16) reduce identically to Equations (12) and (13),
since Equation (17) reduces to x - X/2. In addition, it may be shown that,
in the limit of small a, Equations (15), (16), and (17) reduce identically
to Equations (5) and (6).
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